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FOREWORD

This final report covers the work performed under Contract AF
33(600)-41917 from 29 September 1960 to 29 September 1966. The
manuscript was released by the author on 15 September 1967 for
publication as an AFML technical report.

This contract with the Refractomet Division, Universal-Cyclops Steel
Corporation, Bridgeville, Pennsylvania since changed to Universal-
Cyclops Specialty Steel Division, Cyclops Corporation, Bridgeville,
Pennsylvania, was initiated under Manufacturing Methods Project
7-827, "Tungsten Sheet Rolling Program". It was administered under
the technical direction of Messrs. Hugh L. Black and George'M. Glenn
of the Metallurgical Processing Branch, MATB, Manufacturing Tech-
nology Division, Air Force Materials Laboratory, Wright-Patterson
Air Force Base, Ohio.

The investigations were originally conducted by Mr. W. J. Schoenfeld,
Metallurgical Engineer, and cbmpleted by Mr. J. H. Schwertz, Metal-
lurgical Engineer, with Mr. C. P. Mueller and Mr. L. M. Bianchi as
Project Coordinators. Significant contributions to this program
were made by L. L. France, F. T. Snyder, and A. J. Bandola.

The State-of-the-Art Survey for this contract was conducted by
Battelle Memorial Institute under the direction of Messrs. D. J.
Maykuth, V. D. Barth, and H. R. Odgen.

Initial extrusion work on the contract was carried out by the TAPCO
Division of TRW, Inc., and the extrusion of larger billets was
accomplished on DuPont's 2750 ton press located in Baltimore, Maryland.
The authors wish to express their appreciation for the cooperation
extended.

Since the nature of this work is of interest to many fields of
endeavor, any comments are solicited as to the potential utilization
of the material produced under this contract. In this manner, it
is felt that a full realization of the material produced will be
accomplished.

This project has been accomplished as a part of the Air Force Manu-
facturing Methods Program. The primary objective of the Air Force
Manufacturing Methods Program is to develop, on a timely basis, the
manufacturing processes, techniques and equipment for use in economic
production of USAF materials and components. This program encompasses
the following technical areas:
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FOREWORD (cont.)

-Metallurgy -Rolling, Forging, Extruding, Drawing, Casting,
Powder Metallurgy, Coimposites,

*Chemical -Propellant, Coating, Ceramic, Graphkite&, iNonmoalIcs.
Fabrication - Forming-, Matekial Removal, Joining, Ccpee~ts-
Electronics - Solid State), laterials aInd Special iTechniqius,

Thermionic 8.

Suggestions concerning additional Manufacturing Methods develdopet
required on this. or other subjects will1 be appretiated-,

This technical report has been reviewed and is approved.

L O.N, Assistant Chief
Manufacturing Technology Division
Air Force Materials Laboratory
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natuATChg prOcess .has been developed to produce unalloyed
a-casqt tulnsten sheet mat erials. 'The processing parameters for
t 1.. physical and mechanica1 properties were investigated from

thb~aw~aer~alto the final 1product. The investigation included
k w" conso01dation to eledtro.e,, ingot melting variables. pri-

ma ecdW'n i "extrusion an forging, and a study of the effect
T OIm'vari~ie -on final sheet properties. A scale-up of

rocesping. to prduce pilot production quantities of 0.020", 0.040",
ad 0.060" gauge sheet was accomplished, but severe processing and
handing p d blems .n all phases of the scale-up, because of the

, inherent britleness of the material, prevented the realization ofhe goal, 36" wide by 96" long sheet. Satisfactory tungsten ingots
can be. melted with consistent quality up to 6' round diameter and
larger ingotS.up to 9-1/2" round can be melted providing adequate
p owr anA co6ing capacity are available. Direct forging to sheet
bar is not practical and press forging of extruded rounds is not
practicai due to yield loss on conditioning and an extra operation.
MiSa1tifaCtory extrusion of sheet bar and rounds from conditioned
.bIllet diameters up to 6's can be accomplished at extrusion ratios
of 4.l:l and 30000 to 3500OF furnace temperatures. Bend transition
results indicate a slight advantage with the extruded sheet bar
over press forged bars. The optimum bend transition properties
were obtained from material having a minimum 92% reduction from the
last recryttallization anneal.. Stress relief to improve bend
transition must be accomplished at temperatures below the temperature
of initial recrystallization. The lowest longitudinal bend transition

temperature achieved was 2000F.

This abstract is subject to special export controls and each trans-
mittal to foreign governments or foreign nationals may be made only
with prior approval of the Manufacturing Technology Division, MATB,
Air Force Materials Laboratory, Wright-Patterson Air Force Base,
Ohio 45433.
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I. introduction

A. General

By virtue of its high melting point and relative

abundance, tungsten occupies a preeminent position among refractory

metals for applications in air fr3xmes, re-entry vehicles and noz-

zles and vanes for rocket motors. Much progress has been made in

developing massive tungsten parts that suit some of these appli-

cations. However, production applications for tungsten in thin

sections have been hampered by the limited availability oi sheet

in the sizes and quality desired for advanced military aircraft.

In recognition of this, the United States Air Force

awarded Universal-Cyclops Specialty Steel Division Contract No. AF

33(600)-41917 for the "Development of New or Improved Techniques

for the Production of Tungsten Sheet". The purpose of this con-

tract was the establishment of the state-of-the-art of rolling

tungsten and tungsten alloy sheet in order to advance the industry

capability to economically produce sheet to the required quality

and sizes. The overall objective was to develop new and/or improved

techniques for rolling large size tungsten sheets. The objective

was to be the production of acceptable tungsten sheet 36" x 96" x

thickness of .020", .040", and .063" in a flat condition with uniform

properties.

In order to accomplish the above aims, the program

was broken down into five phases which are summarized below:

1. Phase I - State-of-the-Art Analysis

The objective of this phase was to evaluate the

current state-of-the-art of tungsten sheet rolling throughout the

sheet mill rolling industry. Also, to plan a detailed program to

satisfactorily accomplish the develcpinent effort required to advance

the state-of-the-art.

-- -- ,



2. Phase II - Ingot Process Development

The refinement of tungsten ingot production

processes including the establishment of tests and testing pro-

cedures to insure satisfactory uniformity of tungsten ingots.

3. Phase III - Development of Rolling Operations

This phase covered the breakdown of tungsten

ingots to establish process parameters including analysis of the

processing variables. Further, the establishment of processing

controls and test procedures for the controlled rolling of tungsten

sheet.

4. Phase IV - Process Ui.iformity Verification and
Post Rolling Development

This phase encompassed the controlled rolling of

tungsten sheet using processes developed in Phase III. In addition,

post rolling development was accomplished in an effort to establish

control specifications for the pilot production run.

E 5. Phase V - Final Pilot Production

The production of sheets 36" x 96" x thicknesses

of .020", .040", and .063" was undertaken. The production was

designed to demonstrate the reliability of the development process

and verification of uniformity of flat sheets produced using the

developed techniques.

B. State-of-the-Art Analysis

The state-of-the-art survey was conducted by Battelle

N Memorial Institute as a sub-contractor to Universal-Cyclops on the

above contract. Primary responsibility for planning and conducting

this survey wi itered in the non-ferrous metallurgy division

inder the direction of H. R. Ogden, Division Chief, with D. J. May-

,ith, Assistant Division Chief, and V. D. Barth, Principle Metal-

-2-
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lurgical Engineer in the Powder Metallargy Division assisting in

this effort. The objectives of this survey were to assist the

current state-of-the-art in the rolling of tungsten sheet and to

recommend the composition of a tungsten sheet material of materials

for evaluation in the Phase II effort.

in conducting this survey use was made of a question-

aire, personal interviews, as well as an extensive search of the

literature in the Defense Metals Information Center. A summary

of this survey is given in Appendix I to this report.

C. Procedure Justification

The results of the state-of-the-art survey indicated

that there was insufficient data established on alloys of arc-cast

tungsten to warrant a major investigation toward the production of

sheet. Since the tungsten sheet rolling program issued to Fan-

steel Metallurgical Corporation under the Bureau of Naval Weapons

Contract NOw 60-0621-c has thoroughly investigated the powder

* metallurgy approach to the consolidation and fabrication of sheet

from unalloyed tungsten and variously doped tungsten powders, the

Air Force thought it was needless to duplicate this effort. And

finally, to obtain the program objectives of lowest practical tem-

perature transition from ductile to brittle behavior, maximum con-

sistency of grain structure and recrystallization behavior, freedom

from lamination and other defects, and chemical homogeneity, arc-

melted tungsten was felt to have a much higher probability of

success than powder compacted material.

Generally arc-melted tungsten product is characterized

by a higher total purity than can be presently obtained by powder

metallurgy consolidation practices. The higher purity associated

with the arc-melted product may be expected to contribute to greater

ductility in this material at elevated temperatures. This has L
-3-



already been reflected in the successful use of lower rolling tem-

peratures for arc-melted product (after extrusion and forging).

By confining the sheet rolling program to arc-cast unalloyed tung-

sten material, it was felt that the state-of-the-art would be more

satisfactorily and rapidly advanced than by having the effort

divided between a powder metallurgy approach and an arc-casting

approach on pure tungsten and its possible alloys.

To provide the sheet size requirements of the program

required ingot sizes considerably larger than those being converted

to sheet material. This would introduce new problems in melting

and primary breakdown and create the necessity to investigate the

effect of numerous processing variables on purity, and mechanical

and physical quality of the sheet product. If the production goal

of the contract could be accomplished, it would be possible at some

future date to readily accomplish sheet production of arc-melted

tungsten alloys through suitable laboratory development programs.

Therefore, it was recommended and agreed by the Air Force that

unalloyed tungsten should be selected as a candidate for arc-melting.

414
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1I. Ingot Melting Evaluation

From the state-of-the-art survey, experience in the

consumable electrode arc-melting of tungsten accumulated rapidly.

At least seven organizations had used this procedure to produce

good quality unalloyed tungsten ingots in diameters of 4" or greater.

Unalloyed tungsten ingots as large as 9" in diameter had been made.

In-house operations at Universal-Cyclops had indicated that actual

melting of small developmental tungsten ingots presented no severe

problems. Five inch diameter ingots up to 12" long could be made

consistently and a standard process had been developed for this

operation. Material losses, however, in conditioning small ingots

were severe and a 50% to 60% yield was considered normal. The

major loss on these ingots was removal of the sidewall rather than

top or bottom cropping. By scaling 1:p to larger ingots, the amount

of sidewall removed on a relative cross sectional area basis is

much less.

The final .063" sheets required in this program weigh

approximately 140 pounds and assuming an overall yield of 20% to

30%, ingots weighing approximately 500 pounds are required. Since

all wrought forms of tungsten originate from a powder product,

tungsten powder was considered as the principle raw material for

tungsten sheet. The primary effort in the ingot melting evaluation

was to 1) develop specifications for reproducible raw material,

2) standardize electrode preparation techniques, 3) improve yields

on ingot sizes presently available, and 4) outline a methodical

development for scale-up to larger diameter ingots.

A. Electrode Preparation

i. Raw Material

With all available data, the state-of-the-art

survey suggested that the program be based on the utilization of

e5
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unalloyed tungsten '.havng no intentional deoxidizing additions.

To promote as much uniformity as possible in supplying material

for this program, one powder lot of reduced tungsten was reserved

for the entire proqram. Electrodes were to be manufactured in

accordance with Universal-Cyclops materials specification WEB 61-3-A

given in Appendix II of this report. From this specification,

the powder utilized must be produced by the hydrogen reduction of

ammonia paratungstate. This method was selected because higher

and more consistent purity levels were available by this method of

production. The chemistry limits given in this specification are

extremely lenient considering the typical electrode chemistries

reported; however, the producers required the limits specified to

allow for variable powder chemistry and analytical limitations.

From a melting standpoint, the powder particle size

does not appear to be critical. However, there are several con-

siderations related to particle size which affect the overall

operation. The particle size affects the bulk density which is

important in correcting for shrinkage during sintering. The finer

powders having lower bulk densities have a faster sintering rate

than larger powders and there appears to be almost a straight line

relationship between particle size and sintering time-temperature

conditions to produce a specified density. From this standpoint,

it would be desirable to utilize fine powders. It is also desirable

to minimize the degree of shrinkage, especially in producing large

electrodes where the pre-sinitered electrode is approaching the size

limits of press and sintering facilities. Thus a compromise was

used in selecting starting particle size. The K-200 type powder

selected for this program had a FSSS of 3.35 microns and a resulting

bulk density of 68.6 grams per cubic inch. Table I shows percent

distribution in each particle size range for the 3.35 micron average

particle size powder used throughout this work.

-6-

flr



TABLE I

PODER PARTICLE SIZE DISTRIBUTION
(Measured by Photelometer)

Particle Size % Weight for Micron
(Micron) Range Indicated

0-1 1.84

1-2 10.02

2-3 22.69

3-4 24.51

4-5 17.06

5-6 10.34

6-8 7.35

8-10 3.71

10-12 2.45

L
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The chemistries on thir material analyzed by the
supplier and by Universal-Cyclops is shown in Table II. As can be

noted, the detection limits of the two laboratories are quite

different. Also, the values reported by the two laboratories dif-

fer considerably on some elements. This is partly due to the fact

that the values from the electrode supplier for all elements except

carbon, oxygen, hydrogen, and nitrogen are from powder analys's and

the Universal-Cyclops analysis is taken from the sintered electrode

bar.

Previous evidence on all the refractory metals,

including tungsten, indicates that the purity of the starting

material affects both the melting conditions and subsequent fabri-

cation. Although very little evidence of this has been documented
for tungsten, processing parameters such as extrusion constant,
minimum acceptable working temperatures, etc. do show a signifi-

cant difference based on differences in purity. Minimum inter-

stitial levels are desirable from a fabrication standpoint. The

elements most detrimental to fabrication are considered to be iron,
osilicon, oxygen, and carbon.

From the state-of-the-art survey, intentional

carbon additions are used by several melters to promote deoxidation

during melting. Although this addition is a prerequisite for

molybdenum production, it has been shown that it is not required

in tungsten and actually is detrimental in subsequent fabrication.

The nominal oxygen content in powder varies from 500 to 1600 ppm.

However, this is normally reduced to below 100 ppm during the sin-

tering cycle. In subsequent melting, with no intentional carbon

additions, the oxygen content is reduced to as low as 3 to 24 ppm,

the average being approximately 10 ppm.

The relatively high and extremely variable oxygen

content of the tungsten powder is due primarily to the large sur-

-8-
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TABLE II

ELECTRODE CHEMISTRY
(By Weight)

Universal-Cyclops'
Element Supplier's Analysis Analysis

As <.0003 <.010

Al <.00005 <.001

Ca <.0005 .0003

Co <.001 .0038
Cr .0001 .0008

Cu <.00001 .005
Fe .0004 .0019

K <.003 .0013

nwMg <.0003 .002

Mn <.001 <.001
Mo .0014 .0085

Na .0018 .001

Ni .0002 .0008

Si <.0003 <.002

Sn <.001 <.002

c .001 .0055
02 .00053 .0007
N2  .00023 .0010

2 '

H H2  .0002 .0019

<Indicates Limits of Detection

A030



face area of the powder and varies with the particle size. Tung-

sten powder picks up substantial quantities of oxygen when exposed

to air 3nd the amount adsorbed is almost directly proportional to

the surface area. From this standpoint, it is desirable to utilize

maximum particle size in producing electrode bars.

2. Compaction and Consolidation

For this progrim all electrode bars were com-

pacted from powder by isostatic pressing as this method has been

shown to be the most satisfactory from the standpoint of repro-

ducibility and maximum size availability. There are several basic

processing procedures which must be followed in compacting powder

into electrodes by this method:

a. In transferring powder to the plastic or

rubber container, caution must be exercised

to prevent bridging or formation of air pockets.

b. Because the as-pressed bars are very fragile

and problems with camber, a length to diameter

ratio of 16:1 is considered maximum.

c. The powder must be packed uniformily to per-

mit pressing of straight uniform bars.

Minimum density requirements, outlined by Universal-

Cyclops Specification No. WEB 61-3-A in Appendix II, are 90% of

theoretical density. It has been found by in-house studies that

densities lower than this level are more subject to 1) breakage in

handling and 2) difficulties in assembling by both mechanical and

welding methods. In assembling, threads are difficult to machine

for mechanical joints, and welding causes shrinkage and subsequent

cracking due to the low density.

10
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II
The camber of electrode bars effects to a sub-

stantial degree the sidewall condition of the ingot produced. Xf

the electrode has considerable camber, it will be closer to one

side of the mold and the opposite side of the ingot will have a

poor sidewall. This is also one of the major causes of mold burn

through.

Maximum electrode length is desirable to the user

because of assembly problems; however, due to the iow green strength

of the electrodes as-pressed and camber which occurs during sintering,

electrode lengths are held at a maximum of 16 times the diameter.

3. Electrode Evaluation

Pressed and sintered electrode bar stock of

various diameters were purchased to Universal-Cyclops Specification

WEB 61-3-A for the purpose of obtaining optimum electrode to mold

ratios for further melting operations. Table III gives the electrode

manufacturing data on the various diameters requested. A review

of these tables shows the consistency that can be acquired in

uniformity of dimensions and shrinkage factors for the various

size electrodes by utilizing one powder lot as source material.

Figure 1 depicts as-received 1-3/4" diameter pressed and sintered

electrodes.

4. Electrode Assembly

Two methods of electrode joining (welding and

mechanical) have been studied and will be discussed separately.

a. Welding

Joining of the sintered tungsten electrodes

was attempted by the use of TIG welding principles. The bars were

loaded onto a rack designed with trunions to facilitate turning of

the bar during the welding operation. The ends of the welded area

- 1-
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were positioned away from the steel trunions to prevent melting of
t!'.c structural components. The loaded rack was positioned in a

dzy box which was subsequently pumped down to approximately 5

zir ons. The box was then back filled with argon to slightly be-

iJw atmospheric pressure. It was found that during welding, it

was necessary to produce on continuous weld joint around the

electrode. if, for any reason, the weld was interrupted, thermal

:racks developed adjacent to the weld area, due to stress induced

1. shrinkage and contraction.

By using the above procedure, electrodes up

to 2-1/2" in diameter were welded satisfactorily. Attempts were

ade to weld 4" diameter electrodes, but on each attempt thermal

fracking initiated approximately 1" to 4" back from the weld area

in roth bars. Consideration was given to preheating the large

Jarneter bars to permit satisfactory welding. However, since this

d require special facilities to permit continuous heating during

I welding operation, it was decided that mechanical joining be

nvestiqated prior to designing a new welding jig with auxiliaryJ -, witing equipment. j
Power requirements for the various size

S.: todes investigated are given in the following table:
TABLE IV

ELECTRODE WELDING POWER REQUIREMENTS

Electrode Diameter Voltage Amperage

1.00" - 1.5" 12-14 700-750
1.50" 1.75" 12-14 750-800
1.75" - 2.00" 12-14 800-850

2.00" - 2.25" 12-14 850-900
2.25" - 2.50" 12-14 900-950

-14-
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Figure 2 shows a typical as-welded electrode.

The entire weld area was free of oxide stain indicating a good

welding atmosphere. Figure 3 shows an intentionally broken electrode

weld joint. The degree of bar shrinkage can readily be seen due

to the welding operation. Also shown is the very limited depth of
weld penetration.

b. Mechanical Joining

There are several methods of mechanical

joining which could have been considered. However, since joining

by threaded nipples on large diameter molybdenum electrode stock

had been routine, this joining method was chosen for invc3tigation.

Initial joining attempts involved drilling

a hole to the size required for tapping, which, in the case of 4"

diameter electrodes, had been established as 1.75" (7NC). However,

severe tool chatter resulted and the vibration caused the electrode

end to break. The next attempt involved drilling a small pilot

hole and increasing the diameter in small successive increments.

A 3/4" diameter pilot hole was accomplished satisfactorily, but

severe tool chatter and tool wear were experienced. In attempting

to increase this hole to 1" diameter by drilling, the electrode

end cracked. It was concluded that the severe tool chatter was

causing vibration and resultant cracking within the bar.

The next attempt was made by heating the bar

to a temperature above the ductile-to-brittle transitions so as to

not be as sensitive to tool vibration. Arbitrarily, the temperature

requirement was set at 8000F. To determine the feasibility of '-his

operation, an acetylene torch which was mounted on the lathe was

used to heat the bar. A contact pyrometer was used to determine

the temperature. When the bar reached 8000 F, a 3/4" diameter pilot

hole was drilled with significantly improved tool wear and machining

-15 -
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time, and tocl chatter was essentially eliminated. The hole was

increased in size in 1/8" increments up to the final size for

threading. It was noted that each time the bar cooled to approxi-

mately 7000F, chatter and vibration initiated. Attempts to thread

the hole by using a standard 1.75" 7 NC tap proved unsuccessful.

Satisfactory threads were accomplished only by again heating the

bar to 800OF and machine threading. In this operation, temperature

control was more critical as the threads chipped out when the

temperature dropped below approximately 7500 F.

Nipples for joining the large electrodes

were machined from wrought powder metallurgy produced bar stock

utilizing procedures similar to that for internal threading of the

electrode, i.e. preheating and machine threading. No lubricant

was used during any of the machining operations. Typical machined

4' diameter electrodes and nipples are shown in Figure 4.

B. Initial Vacuum Arc-Melting Studies

1. Melting Parameters

Experience previously established by Universal-

Cyclops in melting small tungsten ingots, up to 5" diameter by

approximately 12" long, was used as base line data for initial

melting studies. The major problem for consideration in the initial

melting studies was the attainment of a good sidewall to minimize

yield losses in conditioning. Once an initial melting procedure

has been established, it is usudlly possible to improve sidewall

conditions by refinements in power input and adjustment of electrode

to mold ratio. Since previous melting experience had indicated

that the power settings were optimum for the particular electrode

to mold ratio used (.4:1), a thorough investigation of electrode

to mold ratio seemed the most promising for improving yield. Ini-

tial investigations, therefore, involved melting of 1.5", 1.75",

-18-
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2.00", 2.25", and 2.50" diameter electrodes into a constant mold

size of 3.875" diameter.

2. Ingot Evaluation

One ingot was melted from each electrode diameter

in order to determine melting characteristics, sidewall condition,

and averall yield. Melting conditions for the various electrode

diameters are given in Table V. The melting characteristics for

each heat are given as follows:

a. Heat KC974

The 1.5" diameter electrode melted into the

3.875" diameter mold was the ratio most commonly used in previous

melting experience by Universal-Cyclops. The melting characteris-

tics of this heat were very good with a uniform melt rate and

rather constant pressure. The last four minutes represented the

hot topping cycle in which the power was uniformly reduced to 120

KW. During cooling, the ingot shrinkage in the mold was .125".

Thus in the 3.875" tapered mold, the final ingot diameter was 3.700"

at the top and 3.575" at the bottom, for an average of 3.638". The

ingot was conditioned to a uniform diameter, defect-free surface

at 3.250" with resulting sidewall yield loss of 20.2%. The hot

topping cycle was sufficient to eliminate any shrinkage cavity

thus minimizing cropping losses. The overall yield from ingot to

conditioned billet was 61.3%. Contact and emersion ultrasonic

inspection indicated the billet to be completely sound.

b. Heat KC978

Melting characteristics utilizihg the 1.75"

diameter electrode resulted in a very good pool formation during

the entire melt even though the melting rate was somewhat slower

than anticipated. The power utilized was also lower than anticipated

and it was thought that a higher power level with resulting increased

-20-
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melting rate would have provided an even better ingot than that

produced. The ingot sidewall was excellent except for one major

defect at approximately mid-height. This defect correlated with

the melting of the electrode joint, which in this heat was neces-

sarily off-center due to a sharp camber in one of the electrode

bars. Except for this one defect the ingot sidewall was satisfactory

at 3.365" diameter for a resulting yield loss of 16.8%. The as-

cast ingot with the defect indicated is shown in Figure 5. The

conditioned billet yield was 71.3%.

c. Heat KC981

Melting characteristics of the nominal 2.00"

diameter electrode and muld was too close to permit optimum melting

conditions. The arc was erratic at times and the resulting side-

wall was porous. The diameter of the conditioned defect-free

surface was 3.140". The resulting sidewall yield loss was 25.5%.

The conditioned billet yield was 59.3%.

d. Heat KC975

Melting characteristics of the 2.25" diameter

electrode also indicated that the clearance between the electrode

-and the mold wall was too close for optimum melting conditions.

Arcing to the mold wall was severe and two molds were burned through

before successful melt was accomplished. Optimum power could not

be reached because of the stray arc tendency and the resulting

melting rate was extremely slow. Also, because of the slow melting

rate and low power, a sufficient pool could not be maintained and

the ingot sidewall was very poor. The ingot was conditioned to a

defect-free surface at 2.906" with a resulting sidewall yield loss

of 35.2%.

The following table gives the summary of billet
yield resulting from each electrode size used:

-22-
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As-Cast Ingot, KC978
1.75"I Diameter Electrode
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TABLE VI

ELECTRODE SIZE VERSUS BILET YIELD

Electrode Size Billet Yield

1.50" 59.6%
1.75" 71.3%
2.00" 59.3%

2.25" 43.75%
2.50" Not Melted

Due to the poor melting characteristics of the

2.25" diameter electrode, the 2.50" diameter electrode was not

melted.

From evaluation of the above ingots, it was

determined that the 1-3/4" diameter electrode represented the

optimum size for melting into a constant mold size of 3.875"

diameter based on yield results.

From these results, eight additional heats were

melted using this electrode to mold ratio. All ingots had excellent

melting characteristics and resulting sidewall condition. All

melting parameters were very similar to Heat KC978 in which the

1-3/4" diameter electrode electrode was used.

The chemical analysis of the four experimental

heats and six of the eight subsequent 3.875" diemeter heats are

listed in Table VII. From the table it can be seen that although

one powder lot was used for all heats, there is a considerable

variation in carbon and oxygen analysis. Since the majority of

these heats were melted under identical conditions, it appears that

inhomogenious powder and/or analytical techniques are responsible. j
Analytical technique is probably the principle factor since gas

analysis techniques have not been refined to the point of reliability.

24
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3. Destructive Ingot Evaluation

One ingot, Universal-Cyclops Heat No. KCI001, was

.. d for destructive evaluation according to the outline in
a- Samples were provided for the following investigations:

a 
- Chemical Analysis

- -; Hot Top

Mid-Height
Bottom

Macro Discs

a""" Top Transverse

Center Transverse
Longitudinal

M cro Samples

Edge, Mid-Radius, Center As-Cast
Edge, Mid-Radius, Center Heat Treated 2 Hrs at 2600OF

% 'o Edge, Mid-Radius, Center Heat Treated 2 Hrs at 2850OF
A ' r Edge, Mid-Radius, Center Heat Treated 2 Hrs at 3100OF

A Z I'ne ss S ample s

T)p Macro Disc
a' ' '. -nter Macro Disc

--4-- ' ic e, Mid-Radius, Center Heat Treated 2 Hrs at 2600OF
S:e. Mid-Radius, Center Heat Treated 2 Hrs at 2850OF

-, ,ie. Mid-2adius, Center Heat Treated 2 Hrs at 3100OF

Chemical analysis from the top, middle, and bot-
4, are listed in Table VIII. Again, the analytical

'lose evaluation of the chemical homogeneity. It

a £s',er, that both carbon and molybdenum are signiif-

h t top.

V 7 shows transverse macro dis:s from the

~. . 'ah areas. N1ote that the top disc contains

'.:ain structure than the center disc. This

-26--
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TABLE VIII

CHEMISTRY ANALYSIS - HEAT KC1001

Element

Location C 02 N2 H2 Fe Si Mo As Mn Sn

Top 14 8 4 <1 3 <20 40 <100 <10 <20

Mid-Height 10 8 4 <1 6 <20 20 <100 <10 <20

Bottom 10 10 <3 i.2 3 <20 20 <100 <10 <20

Pb Al Cr Ni Co Cu Mq Na K Ca

Top <20 <10 <10 <i <5 <1 <1 6 <1 <1

Mid-Height <20 <10 <10 <1 <5 <1 <1 6 <1 <1

Bottom <20 <10 <10 3 <5 <1 <1 6 <1 <1

All Results in Parts Per Million

11
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can be attributed to the fact that the top section is freezing

faster during the hot topping cycle due to the lower power input.

The mid-height section represents the typical structure that is

found throughout the remainder of the ingot.

Figure 8 shows a typical longitudinal structure.

The void areas on the right hand mid-radius are grain voids pulled

out during the cutting and polishing operation, and should not be

construed as internal ingot defects. The macro slices in Figures 7

and 8 show that the degree of machining required to remove surface

defects was very small.

The ingot hardness was measured on the center

transverse and top transverse macro discs. The longitudinal

hardness was measured on as-cast as well as the heat treated

specimens. Table IX gives a summary of the ingot hardnesses under

the various conditions investigated. Note from the table that a

gradual decrease in hardness from edge to center is present in the

center macro disc while the top disc is relatively uniform.

The as-cast longitudinal samples show that, al-

though the surface is slightly harder than the ingot interior,

the difference is not significant. Also, the mid-radius and

center areas are very close in hardness which does not agree with

the transverse readings.

The average hardness of the as-cast longitudinal

on the center transverse disc. In comparing these readings with t
the average on the top transverse disc, 371 DPH, it appears that

the hot top is slightly harder than the other areas. This would

tend to confirm the previous assumption that the hot top was a higher

impurity area. Since heat treatments utilized did not result in

any significant hardness change, it can be assumed that no noticeable

degree of residual stresses are present in the as-cast structure.
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The two photomicrographs in Figure 9 represent

the same area at low and high magnification. The first micro shows

two primary grains, one with a clean matrix and the other containing

a secondary grain boundary pattern. It was noted that in reviewing

all specimens, a definite pattern of clean grains adjacent to those

containing the secondary grain boundaries existed. The secondary

grain boundaries are apparently dislocation sites visible because

of the particular grain orientation shown. The second micro in this

figure shows what appears to be two globules of a second phase.

One has caused considerable deflection of the primary grain boundary

during freezing.

Fi-ure 10 depicts the ingot structure in the ingot

center both as-cast and heat treated. The as-cast micro ,hows the

secondary grain boundaries in the ingot center. The matrix within

the sub-grain boundaries would appear to be a Eecond phase but the

purity of the material makes this questionable. The sample heat

treated for two hours at 2600OF shows the secondary grain boundaries

and matrix after heat treatment. Note that the particles are tri-

angular in shape and are primarily unidirectional.

From the sample heat treated for two hours at

28500F, it should be noted that the sub-stcucture above the primary

grain boundary is divided into two areas separated by a long con-

tinuous secondary grain boundary. The matrix in these two grains

is then separated into smaller sub-grains. The sample heat treated

for two hours at 3100OF shows primary grain boundaries. Although

this structure is different from that shown in previous micros,

sub-grain boundaries were present in other areas of this specimen.

C. Scale-Up to 4" Diameter Conditioned Ingot Melts

In order to scale-up to the progressive phase require-

ments of the contract, it was rccessary to develop melting techniques

-33-
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for a conditioned 4" diameter ingot to meet the 24" x 24" sheet

requirements given by Phase III. Using electrode to mold ratios

previously determined, a 2-1/4" diameter electrode was utilized

for producing a 51, diameter as-cast ingot. The power required to

melt these ingots was higher than anticipated and this, in con-

junction with the problem of achieving only 80% of theoretically

available power, resulted in poor melting conditions and extensive

sidewall porosity on all of the six as-cast ingots produced. After

conditioning to the 4" diameter extrusion billet size, five of the A

ingots were satisfactory with one being rejected for sidewall

porosity. Chemical analysis for these five heats along with three

additional heats used later on in the Phase III portion of the

program is given in Table VII.

D. Scale-Up to 6" Diameter Conditioned Ingot Melts

The progressive phase requirements for the contract

called for a scale-up to finish sheet size of 36" x 36" square.

The minimum conditioned ingot size necessary to achieve a cross

section compatible with this sleet size requirement was determined

to be 6" diameter.

An initial attempt to melt the 4" diameter electrode

shown in Figure 4 into an 8" mold resulted in a complete failure. A
During melting, 2" to 6" lengths of electrode continually dropped

off into the pool. The melf was stopped after seven minutes with

a resulting 300 pound scrap loss due to this breakage phenomena.

The remaining electrode bar was ultrasonically checked for cracks.

A crack was detected approximately 3" from the melting end indicating

a progressive failure as the melting continued. The remainder of

the bar was found to be crack-free. It wa- assumed that the rapid

build-up of heat in the electrode due to resistance heating and

I radiation from the pool resulted in the cracking problem. In

addition, melting furnace deficiencies caused erratic conditions

and poor control.

-36-
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Extensive modifications were made to the arc-melting

furnace. lhese included additional power and modified power input,

modified cooling and a change in the electrode feed mechanism.

11hen these modifications were completed four ingots were melted

into an 8" diameter mold. The melting conditions were essentially

satisfactory; however, at intervals, the melt became erratic.

This was attributed to the basic electrode as the conditions would

initiate when proceeding from one bar to tIF next and would stop

when this bar was consumed and the melting of the next bar initiated.

A typical as-cast ingot is shown in Figure 11. The molting history

and billet yields for these ingots are shown in Table X.

TABLE X N

INGOT MELTING AND PROCESSING

Heat Heat Heat Heat
1147 1148 1167 1168

Mold Diameter (Inches) 8 8 8 8
Electrode Diameter (Inches) 3-1/4 3-1/2 3-.7/8 3-7/8
Weight Melted (Pounds) 518 523 571 453

Conditioned Weight (Pounds) 231 33 301 153 ZOO~4
Yield (Percent) 44.7 44.6 52.8 33.8

,o. As indicated in the table, the yield value3 were

relatively low. This is due largely to the fact that in order to ,

insure a completely satisfactory ingot aL the required 6" diameter,

an 8" mold was used. In machining of these ingots, sidewall

porosity was eliminated in every -ase at 7" to 7-1/4" so that a

much higher yield could have been :-ealized if a 7" txtrusLon con-

tainer were available. Tnother area of appreciable ypid loss was

on the hot top of three of the four ingots. On three inqots, th-:

average yield loss for hot top cropping only was 14.5%.

37 -,o
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Chemical analysis for the starting electrode and t. ..

ingot are listed in Table X1. In comparing the data, tWo elements

merit discussion. In the second electrode lot, the nickel content

is relatively high and well above the .20 ppm maxirmumPecifi cation,

level. Due to the time delay in rejection,. the materiai VA ' a d

subject to rejectton if the ingot chemistry was aot satisfa'ory-

As shown in the ingot chemistry for Nteats Abl167 and KD1(1)68, the *

nickel content, using these electrodes, was below the I pm detectioni

limit. Molybdenum content in the two powder lot6 is shown to be -8,

and 11 ppm respectively. in the ingot chemistries, only, one heat

is below 100 ppm. This deviation between electrode and ingot

chemistry has been a continuing problem and can only be amcribed

to the inconsistencies in analytical techniques at these low im-

purity levels.

E. Scale-u to 8" Diameter Conditioned ingot, Melts

In order to produce the final sheet requirement -6f

o this contract (361* x 961 at .020", .040", and .063") by the mobt -

economical method and to achieve the maximum flexibility in cross

rolling, 8" diameter conditioned ingots were required. To acquire

this 8" diameter conditioned ingot size, a 9-1/2" diameter mold

was fabricated and electrodes were ordered for two heats, one to

be melted with 4-1/2" diameter electrodes, and the other with

4-3/4" diameter electrodes. For each heat, three bars were required

to produce the desired electrode weigh and these were assembled

by machining 1-3/4" 7 NC female threads in the bars and connecting

them with male nipples. The 4-3/4" diameter bars were assembled

for the first melt. Approximately half way through the first bar,

the entire electrode assembly sheared off at the top joint and fell

into the pool. Examination revealed that a crack initiated at the

root of the female thread in the top bar. The problem appeared to

stem from three possible sources, all based on the notch- sensitivity

of the female threads:

-39-
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I. croead zs o P4 te thre&aa duO tow -rt

increaaed weight ozf the 4'/2" 0 _aieteW

2. 1trode vibkaticpi due to- initil power ourge_

3, -A lower relative density in the thretd aroa, -A",

-to 1droer cross sectibn ovetr the I compado'

to f:hose previbusiy u~se in Omller heatp*

The elet;-Lode dasign 0a6 changed- to ptoduce, f~utpkb

electrodes with-hollow centetis -in drder to achieVe a Uigher density

in the thread area. Also, atemt to0 -eraethe notch set iiy

Ware. made. by incorporating a slight radius Oh, the- thread- tot.

The 4-1/211 diameter sblid .electrodes: were- then Melte-d

without incident to prbvide A 985 pound as-cast ingot. This- ingot

was machined and ground to an approximate billet diameater of 7.8404

with a finish weight of 640 pounds represeOnting a 65%p yiel ifrom-

ao-cast to conditioned ingot. Ultrasonic exabinatiob indicAt*4d

the billet was completely sound. k'igure 12 shows the iionditioned

billet ready for extrusion,.

Based on the above infokmation) 4-/"O 7/8"X

electrodes were ordered it sufficient quantity to Produce eleven

8"' diameter conditioned billets at a nominal 1000 pound average, per

ingot, During the melting operations on the eleven production

heats, it was noted that extreme changes were occurring in the melt

rate during melting. on previous heats, a normal voltage fluctuation

was established at approximately ;W volts. During melting of thi

4-1/2"1 diameter electrodes, the voltage flazctuation would abruptly

change to a nominal ±1 with a corresponding melt rate increase of

50~/ to 1000%. it was originally believed that these changes were

occurring at: the joints between the electrode bars. However, by

plotting electrode travel on timed voltage tracts, it was shown "
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that the changes ald not JaCOSBZVly or-or at a, joint,~~ two

principle factors wbich W~Oiff4 uo WOi Cffect Weroeettpl4e

9dtn$2.ty ana Putity, 14wc-rr no '- 4atibb &tou34 bb doovoe

Irot th~e available electrodO InfoiCntV. d J .,iAi.;

havtor resulted in, localiid areas af pozosbity-,*Ath 9;ts4#OnAe4

8' dianetet ingrotp generaily Correlating wit~ thoeu Aihnel t

Mhe *Ieveb Production ingotssit werb eAted'q to 9'0
an4 butqently anheeled at 24D0' foW'to by c slow 14h2,

vermiculite, They vwe then niachined t the, 8" diatew OCru514 o

sieaduItmonially Ispected. The utrasonic ispeptickl

*reV'oaled that two of the ingots were Internally ~Zrac)ked tbrbughout'

*the length. in an attempt td determine Wap-A- the ingot bad rAqkep4,

they were fractured in half by cald fotqin 4 . It waa asmed that,

if -the cracts o~.curxed eithet during Peltitig o~r 4 it *e412

be oxidized from t.he expmou-re to ait After an ealirg a~nd con00 l

i A1 they were not oxidized, h rcd~bdocxe uig~ci~n

or cutting. Visual examination of the fracturied ingot reVealodIi
that discoloration was present., but the Cract did not etenld- to th

periphery, the mode of cracking apparently proeedinq upard frina

the pad, it was concluded that either during inqot biiicatiOn

or thermal expansion and contraction during annealing., crack prOpa-

gaticn progressed from the pad tbrough the ingot, with the 3atter

being the most probable cause.
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AP, ~ b.Oah a1, ae e ine, at- direct lorgSinj

-4;* "~tw ipyres, t=ngton in e ,it woa;isderd , boeverx,

IJ
PAPs 0oe '37d beistl ed Colerabjie ezxpex-ience,

ba4 !dev 4e jes on o akc4-cast , oi f ten And tungsten- o

ba s y ~ l o xi~e tot hest w tthe final contract orgniztiveso,

wae inttia- soware made by 1) direct forging,

S4x o,t uia, =4: 3) Ttkab*, f oging, with the Agost promising

~Iof in srtetd for a Scale the do final rize requirements

le ,sucess In c osed die foxgiaq of arc-cast tungsten ito

a typical Ilowr pot shaped rocket hy-aust nozzle. This ognization .
was coxitactod and a program outline to investigate Airect forging

*I, inigots to sheet bar.. Since the dimensional requirements for

sheet bar vas not compatible with closed di~e forging, the inve-sti- 1
gation was conducted on flat dies not restricting sidewall movement.

The investigation was initiated to determine criticality of the

elasticity range over a variation of temperatures and reductions.

1, Procedure

Three temperature levels sere selected for in-

.vestigation, 25000, 27500, and 3000F. The schedule called for an

initial upset of 20%, evaluation of soundness, and subsequent

*An inert atmosphere fabrication facility built by Universal-
Cyclops under Contract NOa 55-006-c designed to forge and roll
refractory metals at temperatures up to 40000F
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re orgin. Reating is a ccomplUhed tsin9 a gaz fired f utnaCe

Utilization of preheated air ,170007) fox the ar-ap Ini(tre, Vet-

mitted rapid increase in furnace temperature and extreme-ly 11igb

tvmqerature furnace apabilitieg Iip to ?50D*Y

A2. .Rq r axaete

A toa f Vv ingot zections wxe- ol'ecte-d f~or

forging .evaluation. The foxging ,parameters are shon in Table Z: ,

Z,0R =G TARATERS
,

• oxglng .Zrgizg r-gin5 -or-ging 'org1g

M~ateraI4 ZKC98* F9l** 97*%r 7,978* :KC975

. jemrJure 2590-F 27500 3DD 27500Y E 275-AD%
Pxohea e 7-00. 71001 700Y 72OOP 1700

Transfer Time 15 sec 17 sec 14 zec 16 sec I sec

Temperature 295.0%1 2250079  2425*F 22750 2450*7'

**TOjP-Hal.f

3. F orrika Esmlzatlon

The five f orged and sand blasted billets r

shown in Figure 13. Also depicted are juaczographs after being
I

sectioned, polished, and qiacro etched. ..

a. Z20ring A -

Your relatively light blows were used -t

upset the billet an estimated 20%.. The billet was rotated 20 to

300 between each blow to prevent side shearing. The actual measured

meductioxx was 20.5%. The forging was cleaned and Blight side cracks

45
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were obsered. it was r.chined t,, 4ert tree g;TLa:, -O

heated for additinal forging. On the first blow of t e

forging operation., the billet cracked sevecely at several locatis

alona vertical planes of the periphery.

b. Forging B

Again four blows vere given wit rotation

of the ingot between eacL blow. The billet was sound after approxi-

mately 20 reduction and was reheated to the original tempe at.ure

of 27509F. Forging was again initiated and an additional 20%

reduction taken. Examination revealed cracks on the periphery

running parallel to the direction of forging. Measured reduction

by upsetting was 42.8%.

c- Forging C A
'This billet Awas forged using the me arameters,

except temperature, as the previous oillets- No ,cracking occurred

during the initial 20% reduction,. However, cracking did occur ,on

the second forging operation .after reheating to 3000'F. Total

reduction at the point of visible crack initiation wa-s 30.5%.

d. Forging Dl

The reduction of Forging B at 275007 showed

the best results of the three forging temperatures investigated..

It was indicated that a 35% reduction could be taken safely after

which a ?eat treatment would be requized This proved inaccurate i

when Forging D cracked after 22.. 5% reduction after being forged

under identical conditions to Forging B.

e. Forging Z

On this billet, radial forging was attempted.,

using "V" dies. After two blows, severe cracking was observed on r
the circumference as well as the ends. No measured reduction was ,

obtained on this billet.

47
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V4* fozrings were further evaluated by micro

"-mss determinations. High temperature heat

e t_3Ocent hardness measurements were also deter-

atudy recrystallization phenomena. Heat treating
. .In vacuum at 30000, 32000, 34000, and 36000 F for

'T=-1 XUI shows the pre- and post-hardness for each

* ... Vawiestigation was limited to Forgings B and C which

t.. = at reduction. Note that in Forging B which

- o % r eduction, the average as-forged hardness is 450

;Z to the average as-cast ingot hardness of 372. Upon

~2~lea from this forging, the hardness dropped to a low

Z at 34000F. Macro observation in this specimen

r --e:ratallization initiated during the lowest temperature

4 ,r cs:ive anneals resulted in added recrystallization.

' were slowest to recrystallize as shown by hardness

c'x.amonation were at the center of the forging near the

--, Gurfaces.

Forging C had received only 30.5% reduction and

o-cwed that the as-forged hardness was significantly

: -rqlng B. The average as-forged hardness was 64 DPH

-Z.c as-cast ingot. The resulting drop in hardness

SA,-"catrment was more gradual than on Forging B. Macro

hrwed that recrystallization also initiated on this

t ie lowest temperature anneal. Center areas near the

ttn surfaces did not completely recrystallize under any

3ing conditions.

In studying the cracking problem on the forgings,

c'Nation clearly showed that the cracks occurred at the

Iires at all four forging temperatures. Micro examina-

*,,J that although grain boundary cracking had occurred,

ecracks were also present. The results of the forging

-48-
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studies indicated that successful forging could be accomplished by

utilizing a small initial reduction with subsequent recrystallization

and then continued forging. However, this procedure was not deemed

desirable for scale-up because of heating and cooling problems for

the large size billets.

B. Extrusion

From the state-of-the-art analysis, it was evident

that considerably more experience was available on the extrusion

of arc-cast tungsten and tungsten-base alloys than on direct forging

of these materials. From the backgri)und information, the extrusion

technique appeared to offer the greatest potential towards meeting

the objective of initial breakdown requirements.

1. Procedure

Six extrusions were produced for initial break-

down studies. A typical extrusion billet 3.060" diameter by 6"

long was conditioned from a 4" diameter arc-cast ingot produced
:i from the initial melting investigation under this program. AllI T

surfaces of the billet were ground to provide optimum conditions

for the extrusion operation. The billets had a finish of approxi-

mately 20 RMS as compared to an as-machined billet surface oC

approximately 175 RMS. A 1/2" 450 taper on the nose was provided

to prevent or minimize the possibility of stalling the extrusion

press prior to breakthrough. All initial extrusion studies were
, accomplished at the TAPCO Division of TRW, Inc. The press utilized

had been modified especially for refractory metal development and

a brief description of the facility is given in Appendix III to

this report.

2. Extrusion Parameters

As extrusion has already been proven as a success-

ful method for initial breakdown, the objectives in this study were

-50-
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1) correlation of extrusion temperature with press capacity,

resultant surface condition, and billet yield, and 2) direct ex-

trusion to sheet bar.

The first three billets were extruded to nozdnal -

1.5" diameter rounds. It was originally planned to utilize three

successively lower extrusion temperatures starting at 30000P. This

sequence had to be changed, however, because the pressure required

for the second billet, extruded at 28000F, indicated that lower

temperature would cause the press to stall. The third billet was

extruded at 28000F but slower speed was used than that for the

second billet.

The second three billets were extruded to sheet

bar at successovely lower temperatures starting at 32500F. The
extrusion temperature was raised due to the fact that the extrusion

ratio for sheet bar was appreciably greater than that for the rounds

(6.6:1 versus 4.5:1). The pressure required for the second billet

_was essentially the same as that for the first even though the

F temperature was 1000F lower. The third billet extruded 2000F lower

than the first required appreciably less pressure. A summary of

the extrusion parameters is listed in Table XIV.

3. Extrusion Evaluation

The three extruded rounds are shown in Figure 14.

From visual observation no nose bursting occurred on any of the

three extrusions. Macro examination of the cropped noses revealed

that both 28000F extrusions had a micro crack from the edge to the

center extending approximately 3" back frA the nose. The remainder

of these two extrusions were sound. The first billet, which was

extruded at 30000F was completely sound. The as-extruded surface

of all the extrusions was not completely satisfactory in that fre-

quent surface tears occurred, especially on the trailing edge of

-51-
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tbae extrus~ions. No correlation batwadn extrusin -temperatre and

~facb iih could bd made ,

-the ihree AOet bar extrusions ate sbwx in
-ipe15* Again, it is noted, tet no visible nose bursts occurred.

4 -~±rc eaihatibioa lso showed that the nose ends on all sheet bars
i~re %oud,

'Figure 16 shova macro slices from the nose and
tagj -ends of each of the six extrusions. The structures shown are

uptypioaX of'.any highly worked transverse macro~. Although the grain
ptufture is not well defined, it will be noted that the sheet bars

exctru-ded at a higher reduction ratio do appear to have a finer i
_gra$4n siZe. thle variation in the cross section of the sheet bar

This w'as a major disadvantage of the direct extrusion to sheet bar.

Samples were taken from nose and tail of each

~. ~*extrusion for heat treatment investigations. Evaluation consisted

of metallographic examination and hardness testing of each specimen.

Heat treatments were performed for one hour at 26000,. 28000 and

3000OF in vacuum. Figures 17, 18, and 19 show typical grain

structures for three of the extrusions.

a. Extrusion A

Figure 17 givee microstructures of the nose

and tail sections of Extrusion A at various annealing temperatures.

The as-extruded nose section shows only slight deformation of the

as-cast grain structure. The as-extruded tail section shows an

overall highly worked structure with severe breakdown of the primary

as-cast grain. Approximately 14% of the area of the structure is

recrystallized. The structure of the extruded sections annealed

at 2600OF for one hour indicated approximately 13% recrystallization

J., on the nose and 35%Y recrystallization on the tail of the extrusion.

45



I"Z-

A~A
W4-

* 
"O.

NMI"~O

-,- wm-5

4sVs

- "o~~, Vg, 'guli' /0

4

<0 -
6,,4

S5



z/ 0, !Q e

ST, VIN'4 N, -

A -A4

A.m

I F, _p: C-T3% WHIN
s' - ,AY,

7F'~ z-7 77
A -Of: {A$ &-to~e -os

N'

4TTITT IT'A-

C"IP SOS AIR S 00 DMIS - I c-~

: ~ V AS E X~ T R~ 0''A -

i AUs4C D A -A

~4V A__ 4~C'~
-A __ __ _ _ AS' AAA-cs

'N- '~~'f 4 
'A zr-j,'~-r 4-- rrA A,2rm V ISAT~ ~;-

Figure 16-

""A-a:apb ofExrsin

IA '-~4' ;, g~~%j ~04-A56

A A1A



- - -- -'"--j

4 ' A'

~ ~-X

74--A -l

C-~p rp"W"

R9773 R9777

AN 1 AS-Extruded A 1 As-Extruded

7 a w 'V4s -~

R977 R97784

ANi 2<'- Aneae 1~ r~ 4 -r,2 -
4

* AT. 2 AneldI I

AA

Jo~

41-

R977 R9780

R9754



, e :
D 

~~~~~~~. ... . , . :....... .... . -. o , .....

roe 4iffex s in the amount o! deinornatin ios neai ny ='dtem Ie
tws. h Asctrapis n f te nese and tai se a . The nose

and tUAI 10o apns annealed pe hour aty 12% indicated com-

ipet ematllzaio. hep oazmn~a Dfgrain sztode-gree of

sd eideyt with the -maller grains in t e tail section

loct~ixg the xezultv ofpior cold *or1-.

'b. extrsl.on !E

- tIra e S shows sphotomi icrease ofthe

=e And tratil sections of tsion ai ve n temper

at~e'. te nose section of the extruded sheet bar in the as-

eztrded condition indicated -approximately 12% recrystallization,

as -P'ozd to 23% recrystallizati on the extruded tail end sec-

ti12 ~e two as-extruded sections show the increased ano' -'t of

vx~oubt structure due to the higher extrusion ratio used on the

s bar. Bbever the difference in the amount of work is readily

mated between. the two microstructuresB, with the tail micrographs

shwing a predominately wrought structure with numerous small

ercrystallized grains. The microstructures of the nose and tail

sections annealed one hour at 26000F indicated 501/ and 25% recry-

stallization respectively The micrographs show an effect which

exists in most of the sample, i.e. the strain energy from extrusion

is very non-uniform from grain to grain and in subsequent heat

treatments, some grains recrystallize faster than others. The

nose microstructure shows wrought structures, stages of initial

recrystallization, small equiaxed grains, and coarse grain all

adjacent to one another. The tail micrograph shows narrow bands 6

of recrystallization and former primary grain boundaries. The nose

and tail sections annealed one hour at 3000OF show massive and

uneven grain size with the grain structure of the tail section

being considerably smaller due to the prior cold-work history and

initial breakdown of the as-cast grain.
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c. Extrusion F

The low magnification of the as-extruded

j- le, tail section given in Figure 19, reveals the overall ex-

truded structure, Several primary grain boundaries can be observed.

P crystallization is evident within one grain and other areas are

nrn. in the early stages of recrystallization.

Investigation of the overall structure of the

aix extrusions revealed that:

1. Severe duplex structure was present in the

as-extruded condition or after low temper-

ature heat treatment.

2. On the extruded rounds, recrystallization

consistently was initiated at the surface

and proceeded to the center due to the var-

ance of cold-work from surface to center.

3. In order to completely recrystallize a cross

section of either rounds or sheet bar, severe
grain growth occurred in areas of early

recrystallization.

Figures 20 and 21 are plots of the estimated

percent recrystallization of the as-extruded heat treated specimens.

In Figure 20, it will be noted that the nose specimens were very

slow to recrystallize and only one out of three actually reached

100. This can probably be attributed to the fact that the samples

were cut too close to the extruded nose, which received very little

reductLon. The tail samples come closer to representing the over-

all structure, Some correlation with extrusion temperature and

speed is evident. Note that "A", extruded at the highest temper-

ature, has the highest rate of recrystallization. "B" and "C" were

extruded at the same temperature, however, the extrusion speed of

'C" was slower.
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Plots of recrystallization of the sheet bar in

Figure 21 show no correlation with extrusion temperature. It will

be observed however, that the higher reduction induced in the

sheet bar extrusion resulted in consistently lower recrystallization

temperatures.

Hardness measurements were taken on all the micro

samples. Figure 22 shows a plot of the hardness of the extruded

rounds. As on the estimated percentage recrystallization, the tail

samples of the three extrusions show good correlation with temper-

ature. After a 3000 0F heat treatment, the tail samples are very

close in hardness, in Figure 23, the sheet bar hardnesses, as in

the case of recrystallization, show no correlation with the extrusion

temperature. The average fully annealed hardness of the rounds was

363 DPH as compared to 359 DPH for the sheet bar.

4. Press Forged Extrusion

The three extruded rounds were recrystallized,

cropped, and conditioned. They were then press forged to a nominal

3/4" x 2" sheet bar shown in Figure 24. The billets were heated

in a 2300OF gas fired furnace and forged on a 1500 ton fast acting

press forge. The actual forging temperature ranged from 19250 to

1975 0F. Cracks were observed visually on the edges of all three

forgings. However, macro slices shown in Figure 25 indicate that

the depth of the cracks were very slight.

Hardness measurements on transverse sections

from each of the three press forged extrusions are shown in Figure 26.

As the starting conditions and the forging parameters were essentially

YIthe same for each of the three, the correlation of hardness measure-

ments was expected. Hardness surveys indicated that the center of

the forgings have been severely cold-worked. Forging A was more

thoroughly investigated and definite metal flow patterns could be
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established from the hardness data. The areas of least work were

the radius edges not in contact with the die. T1he next area of

minim=work was at a point midway along the flat pressed edges

wbicb would be that area receiving initial contact with the die.

This point would be in simple compressiLon so that metal flow would

be perpendicular to the die face.

Very little conditioning was required to prepare

the forgings for rolling. A nominal yield from conditioned ex-

trusion to conditioned forging via3 80%.

5.InFab Forging Studies

4 In order to evaluate the potential of InFab as

'0 a forgingr anid rolling source for the ultimate objectives of thejprogram, two 1-1/2" round extrusions were prepared for investi-
gation. 'These extrusions were ultrasonically inspected and threaded

on one end to facilitate holding during impact forging. The barsAK were forged individually to nominal 1/2" thick sheet bar according
to the schedule given in Table XV.

UTABLE X,-V

INFAB FORGING SCHEDULE

Temperature OF

Initial Final
Identification Reheat Heating Inpact Impact Thickness

KC1088-A 0 3980 3325 2650 3/4 "
KC1088-A 1 3825 3200 2500 1/2 "h
KC1088-B G 4075 3400 2700 7/8"'
KC1088-B 1 3860 3150 2500 5/811

Although heating temperatures in the range of

highthemalconductivity resulted in lower forging temperatures

40000~ereuilizd, 2rpid 7:l0 2l o ::/~l



than anticipated. The only crack observed was a small burst

which extended approximately 1/2" into the bottom of one piece.

I The forgings had an irregular cross section which was attributed

to excessive reductions per impact. However, thz s was required

on these pieces to minimize reheating. Since one forging was con-

siderably smaller than the other, they were sectioned to provide

one sheet bar and three sheet bars respectively, for subsequent

rolling studies, which will be covered later in this report.

C. Scale-Up to 4" Diameter Conditioned Ingot

In order to meet the Phase III objective of the pro-

gram, the production of 24" x 24" sheet product, it was necessary

to establish an ingot breakdown process for 4" diameter conditioned

ingot. The re.sults on preliminary investigations n ingot break-

down indicated that although direct press forging, with proper con-

trol of processing variables, could be utilized as an initial

breakdown method, the technology developed in extrusion of the as-

4 cast ingot was more advanced and offered the best chance for suc-

cess and subsequent scale-up. Since extrusion to rounds followed

by press forging to sheet bar and direct extrusion to sheet bar 1IIwere accomplished successfully in the iitial ingot breakdown I
evaluation from 3" diameter ingot, both methods we-e investigated

in the breakdown of 4" diameter conditioned ingot.

1. Procedure

The scale-up of the extrusion of 4" diameter

conditioned ingot required larger extrusion facilities than had

been used previously. The DuPont 2750 ton press was selected for

future extrusion investigations based upon their capability to

closely duplicate the temperatures, extrusion speeds, and other

extrusion characteristics utilized in the initial evaluation. In

addition, the size capability of the press allowed for the extrusion

of 8" diameter ingots which coincided with the end requirements of

the program.
-71-
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The use of different extrusion facilities, in

addition to larger billets, involved several unknown variables,

su- h as the effect of increased transfer time from furnace to press

and throttle settings to produce the desired speed of 8" to 12"

per second. Because of these variables, one billet was extruded

as a pilot evaluation prior to extruding the remaining billets on

the progL am.

The first billet was heated to 3050OF in argon

atmsphere at a rate of 500 to 750F per minute to 2000OF and 1500

to 200OF per minute to 30500F. The billet was removed from the

furnace and moved to the press using an automatic transfer device.

During this transfer, the billet was rolled over pyrex glass wool

mat containing a powdered 3 KBA glass and this coating provided

the lubrication for extrusion. After extrusion, the billet was

i mediately transferred to a furnace and annealed for one hour at

2500OF and then slow cooled in vermiculite.

2. Extrusion Parameters

The pilot ingot was extruded from 4" diameter

conditioned ingot to 2" diameter billet or a 4:1 extrusion ratio

~ tho following conditions: Transfer time, 50 seconds; extru-

sion speed, 4.5" per second; breakthrough pressure, 124,000 psi;

f,;nning pressure, 124,000 psi.

3. Extrusion Evaluation

Visual observation of the extrusion after annealing

",.'w 1oo1zng xn ermiculite showed several slight surface tears. U
st of approximal 'j, 1" and a relatively deep tail pipe of I

~td':° 4" were also ,rved. Contact ultrasonic inspection

extrusion to be sound; however, immersion ultrasonic

-,r indicated a longitudinal crack from the surface to mid-

- -~c-- tending almost the entire extrusion length. Samples

-72-



were taken for hardness and micro examination. Even though this

extrusion had been annealed, the average hardness of 465 DPH was

10 DPH higher than that shown for as-extruded hardness in the

initial breakdown of the 3" diameter ingots. Considering the stress

relief treatment, the hardness was 25 to 30 DPH higher than expected.

Observation of the microstructure showed complete cold-work at the

nose and 5% to 10% recrystallization in the tail, The previous

extrusions with a corresponding heat treatment had shown 5% to 10%

recrystallization in the nose and 25% to 30% in the tail. It was

concluded that the actual extrusion temperature was considerably

lower than desired. Althougn the furnace temperature was the same

as that previously utilized, the longer transfer time and slower

extrusion speed apparently resulted in the lower extrusion temper-

ature.

From the results of the pilot evaluation, four

additional billets were extruded at increased furnace temperature

and increased throttle settings to provide increased extrusion

speeds. Extrusion data for these billets is shown in Table XVI.

It can be noted that the 200OF increase in temperature over the

pilot billet caused a considerable drop in extrusion pressure even

though the speed was increased. The extrusion speed of 10" per

second was within the desired range of 8" to 12" per second. The

fifth billet, extruded at 34000F, did not result in lower pressures

or higher speeds as expected. The 2" diameter extrusions are shown

in Figure 27. The cracking problem noted in the pilot extrusion

persisted in the remaining four. However, these cracks were not

as severe and sound material was salvaged for further processing.

Three additional billets were extruded after evaluation of this

material and the extrusion data for these is also incorporated in

Table XVI. The higher temperature utilized resulted in improved

yields. As shown, one of these billets was extruded directly to

73 - '
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414
11 x 3" sheet bar. The pressure required for the sheet bar was

the same as that for rounds and the resultant product was very

satisfactory. 1.

4. Press Forged Extr i4sons

From 2" diameter cropped and conditioned extru-

sions, 10" mults were cut for forging evaluation. Forging was

accomplished utilizing a 27000F hydrogen atmosphere furnace and

six pieces were press forged to a nominal 1" x 3" x 10" sheet bar.

The actual forging temperature was 18000 to 2100 0F. The relatively

large difference between heating and forging temperatures is

4 attributed to transfer time and the large surface to volume ratio

which resulted in rapid radiant heat loss. All forgings were

annealed for one hour at 2800OF and slow cooled in vermiculite and

sandblasted. Minor surface cracking was noted in all forgings;

however, the yield loss on forging was limited to approximately 8%.

I5 Summary

II The results of extrusion from 4" diameter ingot .
directly to 1" x 3" sheet bar indicates comparable yield results I
to the extruded 2" diameter rounds. Since there is an 8% yield f
loss in press forging 2" diameter round to sheet bar, it was 'R

decided that the improved yields dictated the use of extruded sheet

bar for the final pilot production run.

D. Scale-Up of Extrusion for 6" Diameter Conditioned Ingot

i. Extrusion Evaluation

Four 6" diameter conditioned ingots were extruded

on the DuPont 2750 ton press in order to scale-up to the Phase IV

requirements of the proqram which called for 36" x 36" sheet product.

Two of the conditioned ingots were extruded to 3" diameter rounds I-
for subsequent press forging to sheet bar and the other two were
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extruded directly to 1-3/4" x 4" cross section sheet bar. Table

XVII lists the extrusion parameters used and the resultant pressure

requirements. Ns shown, all billets were extruded at a temperature

of 3200OF (furnace temperature 35000F) based on the successful
iresults of 4" diameter billets extruded at this temperature. The

breakthrough pressure requirements were relatively consistent

except for the first extrusion which was somewhat higher. It is

shown by running pressure that the sheet bar extrusions require

slightly more pressure than the rounds.

The average extrusion constant of the previous

4" billets was 81,600 psi. This is lower than the first billet

but higher than the other three. Figure 28 shows the two as-extruded

rounds after sandblasting. Also indicated are the end cropping

requirements determined by contact ultrasonic inspection. The

relatively large amount to be cropped from the tail (nominal 4"1)

is due to a deep tail pipe that actually does not represent a com-

plete solid piece since this area is hollow. The picture shows

that the general surface was excellent and it should also be noted

that no die wash occurred. Actually both billets were put through 4
the same die which had not been accomplished on previous runs. An
as-extruded sheet bar is also shown in Figure 28. This photograph

also indicates that nc die wash occurred which is remarkable con-

sidering the sharp corner angles required on the sheet bar die.

The fact that no die wash occurred on these extrusions is further

verified by the physical dimensions shown in Table XVIII.
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TABLE XVIII

PHYSICAL DIMENSIONS OF EXTRUSIONS

W. Heat As-Extruded
Number Nose Tail Length

KD1147 3.034' 0 3.018" 0 48"
KDl148 3.984" x 1.767" 3.990" x 1.765" 49"
KD1167 3.043" 0 3.030" 0 59"
KD1168 3.975" x 1.765" 3.975" x 1.768" 32"

To more accurately evaluate the internal quality

of the round extrusions, immersion ultrasonic evaluation was re-

quired. In order to accomplish this, straightening was necessary.

The extrusions were heated to 2300 0F in a hydrogen atmosphere

furnace, straightened on a 1500 ton press and subsequently reheated

to 23000F, soaked for ten minutes and then buried in vermiculite.

After cooling, immersion ultrasonic examination indicated that on

both extrusions a longitudinal crack varying in depth up to 1/2"

extended along the entire length. However, the results were not

precise due to slight surface defects. In addition, 12" on the

trailing edge of heat KD1167 appeazed to be cracked from surface to

center. Since the surface defects were preventina an accurate

evaluation, the extrusions were machined to 2.850" and then sur-

face ground to 2.830" diameter. They were immersion ultrasonically

examined again and the results plotted in Figure 29. From this

examination, heat KD1167 was free of defects except for 2.5" on the

nose end. On heat KD1167, 12" on the trailing end was cracked,

tapering from surface to center. In addition, 11" in the center

of the extrusion was cracked to a maximum depth of 1/4", and I" on

the nose was cracked to a depth of 1/2". As indicated in the dia-

gram, two forging mults were cropped from each extrusion. The

cracked areas on heat Kfl1167 were ground out prior to forging.
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After cropping the as-extruded sheet bar, minor

surface conditioning was required to prepare it for subsequent -0

rolling. This extrusion was also cropped into two mults for the W

I

rolling operation.

2. Press Forqed Evaluation

For the forging operation on the four 3" diameter

extruded mults, a 1500 ton hydraulic press was used in conjunction

with a 30000F hydrogen atmosphere furnace. As this press was

relatively slow acting, the pieces were heated to 2600OF in order

to maintain a nominal 2000OF forging temperature. The actual

forging process is as follows:

1. Charge forging mult into 2600OF furnace.

2. Soak five minutes after reaching temperature.

3. Transfer to press and forge 3/4" flats.

4. Reheat to temperature and hold five minutes.

5. Transfer to press, rotate 900 to initial

forging direction, and forge to nominal 2"

thick.

6. Reheat to temperature, hold ten minutes, dis-

charge and bury in vermiculite.

In Step 5 above, the press stalled out at a 2-3/4"

thickness. The first mult was reheated to temperature and an

attempt made to forge it down to 2". However, only 1/16" additional

reduction was achieved. The remaining three pieces were only

forged once in Step 5. After slow cooling, the pieces were sand--

blasted for inspection. The four mults are shown in Figure 30.

Close inspection showed light surface ruptures on all the pieces.

Two of the pieces had one larger crack running parallel to the

extrusion direction. These cracks in both mults were conditioned
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out a a depth of 1/8". The remaining surface of these two and

the remaining two were ground lightly to remove the light surface

ruptu,:es. Yield losses on extrusion and forging are presented in

Table XIX.

TABLE XIX

YIELD SUMMARY FROM EXTRUSION BILLET TO SHEET BAR

Heat Number

KD1147 KD1148* KD1167 KD1168*

Extruded Weight (Lbs) 231 233 301 153
End Loss (Lbs) 23-1/4 25 72 27-3/4
Surface Loss (Lbs) 33-1/2 12 35 10
Forging Mult Weight

(Lbs) 168 -- 180-1/2** --
Conditioned Sheet Bar

(Lbs) 145 192** 160-1/2** --
Percent Yield Extrusion

to Sheet Bar 62.8% 82.5% 53.3% 75.3%

*Extruded Directly to Sheet Bar
**Two Pieces

It can be observed im, mediately from the table

that the yield in extruding directly to sheet bar is significantly

higher and, in addition, eliminates a forging step. The low yield

in heat KD1167 is due in part to the cracked portions of the extru-

sion which, in the table, are included as end losses.

E. Scale-Up of Extrusion for 8" Diameter Conditioned Ingot

The Phase V requirements of the program call for a

production run of 3(" vm 96" Ob,'e. -... of .0"C", .040",, and

.063". In order to meet these requirements and based on previous

experiences in extrusion, it was necessary to extrude R" diameter

conditioned ingot directly to sheet bar. The reduction ratio whicn

had proven most desirable throughout the program was 4:1. The
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extrusion pressure required for the 6" conditioned ingot in the

Phase IV effort indicated that the DuPont press capacity was mar- V

ginal with respect to extruding 8" conditioned ingot to the same

reduction ratio. DuPont personnel recommended that a lower reduction

ratio be utilized and it was agreed to attempt a 3.35:1 ratio. A

sheet bar die equivalent to this ratio was produced having a 2-1/2"

x 6" opening. The billet was extruded using the parameters estab-] were significantly lower than anticipated. Table XX gives a com-

parison of the average 6" diameter pressure requirements with that

for the 8"' diameter.

TABLE XX

COMPARATIVE EXTRUSION PRESSURES

Pressure. (psi) Extrusion Constant

BilletDiameter Breakthrough Running (K)*I
6" Average 108,500 99,750 78,400
8" -Average 74,000 72,000 61,200

*Extrusion Constant Calculated Only on
Breakthrough Pressure

Since the reduction ratio for the 8" diameter con-

ditioned ingot was considerably lower., the pressure would be ex-

pected to be lower. However, the extrusion constant (K) eliminates

thir variable. Based on the extrusion constant for the 8" diameter

ingot at a 4:1 reduction ratio, the breakthrough pressure would

have been 84,800 psi or 77.5% of the 309,500 psi available in the

G" container. This data would indicate that a 4:1 reduction ritio

is well within the press limitation on an 8" diameter ingot. Visual

observation of the extruded sheet bar after sandblasting revealed

severe grain boundary tears over the entire surface. Figure 31

shows the two sides of the sheet bar and the surface tears are

-85-
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readily visible. This problem was directly attributed to the low

reduction ratio utilized. Extrusion investigations by DuPont con-

firm the fact that at the lower reduction ratios, tungsten as well

as other refractory metals frequently incur severe grain boundary

rupture.[

The extrusion was stress relieved for one hour at

2800OF and slow cooled in vermiculite. Ultrasonic examination was

attempted. However, the rough surface prevented an accurate measure

of internal soandness. The nose -nnd tail cropping requirements

were determined by this ultrasonic examination and these were

abrasively cut. The extrusion was then heated to 2400OF and

straightened on a 1500 ton press forge. Using a planer, the two

flat surfaces were conditioned from the starting 2-1/2" thickness A
down to a nominal 2-1/8" thickness which removed the majority of

the defects leaving a few which could be hand ground. Ultrasonic

examination at this stage revealed a crack approximately 12" long

by 1/2" deep on the flat surface running longitudinal to the extru- _

sion direction. The extrusion was spot conditioned and cut to pro- 2

vide the maximum useable quantity for subsequent rolling.

Rolling studies performed on the initial sheet bar
extrusion., discussed later in this report, indicated problems

associated with the larger grain size of the extrusion which re-

sulted from the low extrusion reduction ratio on the sheet bar.

For the second extrusion, the reduction ratio was increased from

3.35:1 to 4.25:1. In addition, the die was designed to provide

tapered edges to facilitate initial rolling within the mill capacity.

The sheet bar configuration is shown in Figure 32. With the in-

creased reduction ratio, the extrusion temperature was increased

to 3500OF in order to be well within the overall press capacity.
The billet was extruded at 11" per second wit' <, ulting pressure

of 75,000 psi which corresponds to an extrus ' >nAnt (K) of

51,800.
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The 300OF increase in the extrusion temperature there-

fore resulted in a 16% decrease in the extrusion constant over that

experienced with the first 8" billet. Visual observation of the

extrusion after sandblast revealed severe grain boundary tearings

similar to that experienced in the previous low reduction ratio

extrusion. The as-extruded sheet bar configuration and the surface

tearing phenomena can be readily observed in Figure 33. Subsequent

machining and ultrasonic evaluation showed that these ruptures

extended almost to the center on 75% of the length leaving a nominal

12" long section satisfactory for rolling.

Two additional extrusions were made in order to
'IN'

evaluate further the scale-up to 8" diameter conditioned ingot.

One extrusion was made through a rectangular die and the second

extrusion was made using the tapered die previously described.

Temperature was decreased from 35000 to 3200OF in an attempt to

duplicate the results achieved in extruding 6" diameter ingot. The

surface of the resultant extrusion indicated that surface tearing
was still persisting but the results were considerably better than
the previous attempts. Two additional billets were extruded at

3100*F, but the same surface problem resulted. i

Three additional extrusion attempts were made in

order to complete the extrusion effort for the final production

phase. The extrusion parameters for the last three are shown in

Table XXI. The first billet extruded to a 2.1" x 6" cross section

did not clear the die, with the last 1/2" to 3/4" of the billet

not extruded. The press did not stall since the recorded pressure

was well below the stalling point. The problem was attributed to

an inadequate length of carbon follower block to clear the extru-

sion from the die. The remaining two ingots were extruded at the

same temperature and the results were satisfactory; however, the

same surface tearing phenomena which were evident on previous at-

tempts still persisted.
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TABLE XXI 2

EXTRUSION DATA FOR 8" DIAMETER CONDITIONED INGOT

Heat Furnace Transfer Pressure (psi)
Number Temperature Time Breakthrough Running § ee
KD1287 300F 32 Sec 90,000 82,000 9

KD1290 30000 F 33 Sec 90,000 82,000 9 VKD1290 3000OF 31 Sec 90,000 78,000 9

Ultrasonic evaluation of the first extrusion which

did not clear the die indicated it to be cracked except for a 15"

length in the center. Due to hanging up in the die, this extrusion

did not receive the standard slow cool which may have resulted in

the cracking. It is also possible that the cracking occurred while

manipulating it out of the press. The remaining two extrusions

were sound except for normal nose and tail losses.
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IV. Sheet Rolling Evaluationi
A. Initial Rolling Studies

1. Sheet Bar Preparation and ApplicationI| In order to perform the initial investigation on

% ' sheet rolling variables, six sheet bars produced from the initial

breakdown investigation were designated for rolling studies. Three

directly extruded sheet bars shown in Figure 15 and three sheet bars

press forged from 1-1/2" diameter round were sectioned to provide

Osspudtwelve starting pieces respectively. Prior to rolling, each piece

was conditioned and inspected for internal and external. defects.
". " I On the press forged sheet bar previously undetected cracks of a

very small magnitude were discovered. Although visual observation

indicated only a few cracks, dye penetrant inspection showed that

they were frequent along both rounded edges of each piece and were

transverse to the flat press forged edges. Apparently these cracks

were heat checking resulting from the grinding operation. The

depth of cracking was very shallow as repeated ultrasonic examina-

tion of the flat surface indicated completely sound material. An

T:j I attempt was made to remove the cracks by additional grinding.

However, this resulted in crack propagation. As there appeared to

be no other satisfactory method of removing the cracks, rolling

was initiated.

Figure 34 outlines the rolling parameters used.

In order to hold the rolling variables to a minimum, cross rolling

was not considered at this stage of the investigation. The

processing was designed to provide th'ee initial rolling temper-

atures, 23000, 25000, and 27000 F, two final rolling temperatures, V
and four different reductions from the last recrystallization anneal,

all pieces finishing at a nominal .040" tnick giving a total of 48

processing variables. Table XXII shows the application of each

piece to the process outline.
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AIN

TABL XXXI

SUMMARY Of SM~ET BAR APPLICATION~

Sheet Bar Starting Rllint Temperature (*F) RzcrtlozFrom
S Ident ification Series* M 2 Go .it io Initial Intermed ate Final R er s z z t

Extrus*ion A
A (1) Prest Forged Recrystallized 2300 -- 21O0** 95.5

I 1900
(2) Press Porge As-.Forged 2300 2300 2100 80

A 2 1900
A (3) Press Forged As-Forged 2300 -- 2100 60

r As-Forged 230 2300 2100 40

Extrusion B (1) ress Forged R., eysta11iaed 2500 -- 2100 95.

A 4 (2) Press Forged As-Forged 2500 2300 2100 80

i Bt(4) Press Forged As-Forged 2500 2300 2100 40

140

Ixtrusion C 90

C1  (1) Press Forged Recrystallized 2700 -- 2100 95.5
" 2  (2) Press Forged As-Forged 2700 2300 2100 80

C3  (3) Press Forged As-Forged 2700 -- 2100 60
C (4) Press Forged As-Forged 2700 2300 2100 40

Extrusion C

(1) ext ruded Recrystallized 2300 -- 2100 92

1000

02 (2) Extruded Extruded 2300 2300 2100 80

o |"(3) Extruded Extruded 2300 -- 2100 Ao
C 2 1900D4 (4) Extr uded Extruded 2300 2300 2100 40

C4 1900
Extrusion D

(I) Extruded Recrystallized 2500 -- 2100 92
1900(2) Extruded Extruded 2500 2300 2100 80
1900

(4) Extruded Extruded 2500 2300 2100 40

D4 
1Q00

Extrusion 

F
F1  (1) Extruded Recrystallized 2700 -- 2100 02

F2  (2) Extruded Extruded 2500 2300 2100 80

2 14000

E3  (3) Ext ruded Extruded 2700 -- 2100 60
1000

F4  (4) Extruled Extruded 2700 2300 2100 401000

* Refer to Figure 34

**Pieces Sectioned id Half For Final Rolling

*2 1Q00

I -94- 
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In an effort to maintain consistency in the

rolling parameter. other than those variables being investigated,

the following were held constant regardless of rolling temperature
or total reduction desired. -

1. Burnace air atmosphere.I. Soaking time - 5 minutes at temperature.

3. Roll speed - 50 RPM (144 SFPM)

2. Rolling Characteristics

a. Initial Rollin

Observation of the initial rolling operation

revealed no noticeable difference in the rolling characteristics

due to temperature variation. The recrystallized sheet bars appeared

to roll identical to the remaining as-extruded or as-forged sheet

bar. The major problem incurred during the rolling operation was

crack propagation on the press forged sheet bars, in which light edge Ji

cracking had been detected prior to rolling. Figure 35 shows the

results of initial rolling of the press forged sheet bars and is

typical of the results obtained with press forged sheet bars. In

addition to the extensive longitudinal cracks, many shorter cracks

are present on the ends. These cracks were the result of the press

forging operation which has been discussed previously in this report.

Of the twelve extruded sheet bar pieces, one

had a detectable crack prior to rolling. The effect of starting

with completely sound material is shown in Figure 36 for Extrusion E

and is typical for extruded sheet bar. Every piece, except the

one in which the crack was detected, rolled to completely sound

sheet.

Visual observation of all sheets in the as-

rolled condition indicated very good surface. After sandblasting,

-95-



4J4

k44

4$4

4I rOI
L1 0

14*

C, r-4

A64



, it
, 0"t A;V

7-7 31

02 Vow t

A,,-)p v

13 4

t4J

'~0 0.

<3<3 2','

C'4l

$1, 0

ht A Q4

0



wbch removed the ocide scale, an erosion or corrosion effect was

observed to some extent on all pieces. The severity of the corrosion

effect appears to correlate with the rolling temperature. For

example, the pieces rolled at higher temperatures were more severely

eroded. This effect can be attributed to localized liquid oxide

formation prior to removal from the furnace. At this point in the

processing schedule, all pieces were conditioned by abrasive cutting

all cracked edges and sandblasting for further rolling.

The No. 2 and No. 3 series as described in

Table XXII were recrystallized at .200" gauge and .100" gauge

respectively to permit the desired degree of hot-cold work at the

finished gauge of .040". In order to determine the recrystallization

temperature at this intermediate gauge, samples were heat treated

for one hour over a temperature range of 20000 to 2600OF at 100OF

increments. Figures 37 through 40 are plots of the hardness after

each respective annealing treatment. In all cases, the curves

show the effect of rolling temperature on the resulting hardness

drop due to heat treatment. Note that the as-rolled hardness

recrystallization as determined by microstructural observacion is

also shown on the hardness-stress relief -7urves.

receiving constant reductions with variable rollinq temperatures

are shown in Figure 41. The grain size increases as the rolling

temperature increases. Figure 41 shows that in-process recrystal-

lization occurs when rolling at 27000F. Te increased reduction

of the material r)lled 87% resulted in an even larger grain size -

differential than the material given 73% :eduction. .

One-hour anneals at various temperatures

show little effect in retaining the cola-worked structure due to
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higher rolling temperatures. The high and low temperature rolled

material indicated an equivalent degree of recrystallization after

annealing at 26000F.

b. Intermediate Rolin s

For the second rolling operation, series I

was rolled in the as-rolled condition from 0.100" to 0.040",

series 2 in the recrystallized condition from 0.200" to 0.100 t

series 3 in the recrystallized condition from 0.100" to 0.040"1,

and series 4 in the as-rolled condition from 0.100" to 0.067".

Inadvertently, five of the twelve pieces in series 4 were rolled

directly to the final 0.040" gauge without being recrystallized at

0.067 . Although this eliminted some of the rolling variables

bein stdied itprovided material for evaluation containing 9--/

reduction, i.e. this material received no intermediate anneal from

ingot to final sheet.

At this stage, samples from series 4 were

heat treated to determine recrystallization temperatures. Figures

111 42 and 43 show plots of hardness versus annealing temperature along Li
with estimated percent recrystallization for these samples. The

identification of the samples has picked up a third digit, i.e. r A,

SF B indicating, as shown in Figure 34, that the sheet was sectioned
4V

1 into two pieces for final rolling. The A A, Br BC , andEA

K sheets not plotted are those which weie rolled d:L::ctly to 0.040".

showtha th hiherThese curves, like those from initial rolling,

sho tht he ighr ollngtemperatures rslinlower as-rolled

hardness. However, on this series, the intermediate rolling was

accomplished at a constant 2300OF and the difference in as-rolled

hardness due to the initial rolling temperature variations was not

as great.
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~44

F A. as shown in Figure 43, has an appreciably
4'

t4

lower hardness than the average. This can be attributed to the fact

that it was the first piece rolled to 0.067" and required a reheat

prior to the last pass. All other piecez in this series were rolled

from 0.100" to 0.067" without reheating. The microst-ructure at the -

0.067" gauge showed more severe work than that previously shown for

0.100" gauge -;4terial. Figure 44 shows the effect of various

annealing treatments on n,.,'4al initially rolled at 23000 and

27000 F. The material rolled at 2300OF xi. 1ecPun to recrystallize -

at 2200OF while the 2700OF rolled material still retained its cold-

work structure. At 2400 0F, however, both show an equal degree of . -

recrystallization with the 2700OF rolled material having a much - V

larger recrystallized grain size. 
Z "-

The previous curves on series 2, 3, and 4

have shown the effect of rolling temperatures on the as-rolled and

heat treated hardness, Rolling to this point has also resulted

in various seductions from sheet bar. Figure 45 shows the effect

of these reductions on the hardness after stress relief. As

expected, increased percent reduction results in increased hard- -

ness and an accelerated recrystallization rate. However, the 100%

recrystallization temperature is relatively constant for the three

different reductions. > .

C. Final Rolling

In the third rolling operation, the series 2 .

material was rolled in the as-rolled condition from 0.100" to 0.04C"

and the series 4 material in the recrystallized form from 0.067.'

to 0.040". For all final rolling, including the series 1 and 3

material rolled ii. the second operation, stainless steel cover

plates were utilized. These plates were necessary for the following

reasons: "
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I epilot ill- #q-64 -4td not bve- a suff-[ i
- ... .ficlent searating force to permit sngle

sbheet teduqtion6s below 0.O0060 withlout
- freguent eheat. Th cOvek olates thUg

- permitted greater reductions in producing

tie '04011 gAuge.

2-. t the thinner gauges, the high thermal
/ : .cbnddctiviLty of 'tungs~ten tesutilt in

rapid heat loss once the material is

removed from the furnace. The cover plates

assisted in maintaining heat in the sheet.

3. The cover plates prevent pickup of con-

tamination from the furnace hearth and

also minimize oxidation.

Rolling at 2000F and above with stainless 0

Ti steel cover plates resulted in a bonding between the tungsten and

stainless steel, especially if the contact surfaces were clean. In

otder to prevent this bonding, the tungsten sheets were heated to

a temperature which would permit the formation of an oxide coating

when removed from the furnace. The sheet was then placed between

two cover plates, heated and rolled. The oxide film prevented

any bonding from occurring.

3. Evaluation of Rolled Sheet

a. Surface Finish

In evaluating the surface finish, the oxide

film must be removed. In the as-rolled condition, the sheets were

extremely brittle and could not be sandblasted. An rlternate

method of removing the oxide while retaining the as-rolled surface was

hot caustic cleaning. This also did not appear satisfactory because

-110-
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of the severe water quench after removal~ftotn the 900ot caustic..

However, by beat treating in hydrogen, the- oxide was red1uced, leinig

a loose film which cdould be Wiped off. th6 generAl appearancte of,

the surface could best be described as a matte finish. L006r

rolling temperatures, ikhen: utilizing cover plAtes, phould improve

this sukfacd since the cover piatez deformted too teadily at the

tempetatdres util'ted, gAbling withiout cover piAtes on ~A iodr-4igh

mtill Might also be desirable.

b. kig

one piece cracked during intermidiate rdl'ling-

at .20011 thick. This resulted after attempting to take two passes.

per reheat following a recrystallization anneal. This tended to

confirm previous experience on the criticality of deformation

after recrystallization. The only cracking in the final rolling

operations resulted when the edge of a piece slipped out of the

cover plates prior to or during rolling. cracks then resulted from-

non-uniform deformation. Two sheets were cracked in removing them

from the cover plates because of bondirtg. Two additional sheets

were cracked subsequ~ent to the rolling operation which was attributed

to mishandling. It appeared from this work as well as several

corporate sponsored programs, that handling of material is one of

the major problems associated with ttngsten production. This .is

especially true when the material is in the form of sheet.

c. Lamination Tendency

"Lamination" is defined as a defect, in the

form of a physical separation or layering within a sheet parallel

to the plane of the sheet. This defect may be infZinitely small but

can be detected by microscopic or ultrasonic inspection. The term

"'delamination" is used to describe a physical separation, not preseat

after rolling, but which occurs during shearing or forming operations.'

-X1



Int ihearng, Pazp;es Lor 1h4rc-eso and micro-

s~~c vauaton d1a That±~w W~e vigtible pn the plished sur-

!ae f an sees.~tths~~4 i t wast not knovn whether these

idiati or dei*&ation6a !,xei lr.cet "to the kolling bperaticf

t~or i Acsg f rom -,, earing. dit cal 'Samp~ were sheared afid

thegora~rtct trangverse, to. the- 6hearo% eie. They we.fre sub-F A y 1~sedand' iexmined Along the ib- AVO, cut edge.
-d xised: 6n eacdh pecin ob e e4 ihte eprto

IU ~ at g h sheared edge bnd'extending fromi 6,10011 to 6.200'

dpoih #OeY64d- this,. the mteriai was sound, suggoting that

te resudthed, from the shearing. operation rather thasi

LI, ~~l~a~d tus cul-d be classified as delaminations, tamifiations'

eki- qto ii :4 a long the extreme edges and ends of several sheets,

n, corelation could be made with the rolling practice.

~~lbAiiitiohs -undoubtedly are due to non-uniform work of the
004e Md endt 6.the sheet. From this investigation, it was*

apaen that the shearing operation was highly critical and im-proved

ftchniques would -be necessary.

d. Stress Relief and Recrystallization
,4 Characteristics

Samples were cut from each sheet and annealed

for one hour over the range of 18000 to 2600OF at 100OF increments.

Appendix 37 contains a summary of the annealing curves plotted for all

material at the final .040" gauge. Irhis series ~of curves shows the
effect of annealing on the hardness for identical starting material

rolled to different reductions. A summary of these curves is shown in
Table XXIII where the average of four samples rolled under similar

conditions, i.e. A 1A, A1B, D 1A, D 1B all initially rolled at 2300OF

to the same gauge, are listed for each rolling temperature and

stress relief condition. These averages show that the initial rol-

ling temperature has little effect on the resulting hardness in

112I



TABLE XXII

AfVlMAG N E3 HD , .040- SHEET BY
ROLLING TEMPDT4C '?.B AND REDUCTION

As- Annealin Temgeratue. (OF)
Red.;stion Rolled 1800 IP0O 2000 2100 2200 2300 2400 25%fl 2600

23000F

92-95 509 502 492 482 469 445' 409 389 381 3Th
80 503 499 -497 489 470 461 412 -390 380. 376
60 494 485 482 477 472 458 431 398 -318 3?5
40 467 4067 467 466 465 459 434 406 389 313

Average -493 488 485 479 469 456 422 396 382 375

2500OF

92-95 504 492 490 485 471 440 401 385 379 377
499 495 493 487 477 444 412 386 378 374

60- 488 476 476 474 471 463 429 391 376 372

40 468 468 468 466 465 458 425 390 374 368
Average 40 483 482 478 471 451 417 388 377 373

2700OP
92-95 505 502 499 "489 478. 452 410 387 379 374
80 494 498 495 490 480 456 410 360 375 371
60 491 486 485 485 476 462 424 397 381 373
40 472 472 472 471 469 462 448 411 382 370

Average 491 488 488 484 476 458 423 389 379 372

All Samples
92-95 506 499 494 485 473 446 407 387 380 376
80 499 495 495 489 476 454 411 379 378 374
60 491 482 481 479 473 461 428 395 378 373
40 469 469 469 468 466 460 436 402 382 370

Average 491 486 485 480 472 458 421 391 380 373
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iiicz'As w-olith dicrean' oraferduatiaonts.onerel,

curves show that the as-tolled hardness an ecrystallization rt

A xeview. ab made on all .04011 material in

th46 Ao-rblled-and-annealed condition. In general, it can be stated

t~ht te lrgegrain size resulting from initial high temperatlAre jf
dof ibi retained in the final structure. The annealing temper-

4i--Oeqluiied to initiate recrystallization increased with decreasing

duwtions,. !g~bid kXIV shows the annealing temperature requiredIJ

tQproduce )&ecific degrees of recrystallization in comparison with

the, percent eu~

TABLE XXIV

TtkRVSTALLIZATI0N VBRSUS 1REDUCTI0N .04011 SHEET

One Hour Annealing Temperature (OF) to
Redution Produce Indicated Percent RecEstali ization

99+/0 1900 20210 2200 2400
92-95% 1900 2100 2150 2200 2400
80s 2100 2200 2300 2350 2450
60 2200 2300 2*350 2500 2600
40 2300 2400 25300 2550 2650

atures on the microstructure is shown in Figure 46. The rolling

temperatures shown are those for initial breakdown, the finish

rolling temperature being either 21000 or 1900OF for all sheets,

which, in itself, did not affect the visible structure. It can be

seen that increasing reductions and decreasing temperatures have

a significant effect on refining the wrought grain structure.

I -114-
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fo Bend Transition

Bend tests were run on all material rolled.

Testing was accomplished on a Tinius Olsen tensile machine at the

maximu% available bend rate of 8" per minute. Four (4) T bends

were made utilizing the simple beam support method with a resistance

muffle-type furnace. Specimens were annealed for one hour at 100 0F

increments from 1800l to 22000P. Subsequent preparation c-onsisted

of pickling in 6W/ N0 3-40% HF (by volume) and polishing the edges

on 150 grit paper.

The transition temperature was not found on
all sheets because of the limitation of specimens for each con-

dition. Le'ss than (<) symbols are used to designate material which

bent successfully at the lowest temperature checked. Conversely,

greater than (>) symbols indicate that the material broke at the

highest temperature checked.

The longitudinal transition temperature ob-

jI tained are summaarized in Table Xxv. Only those samples having 9V%

or greater reduction demonstrated a transition temperature of 2750F

or lwaer. The sheets initially rolled at 2700OF are shown to have

a higher transition temperature than the same material rolled at

23000 and 2500 0F. Review of grain structure proved conclusively

that increased wrought grain size resulted in increased transition

temperatures. The lowest longitudinal transition temperature was

2000F. Three additional sheets had a transition temperature of

2250F.

Bend transition in the transverse direction

was limited to material having 92% or greater reduction, as this

material tested in the longitudinal direction was shown to be superior.

The results of the transverse tests are shown in Table XXVI. The

higher temperature stress relief anneals resulted in increased
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transition temperatures which agree with the analysis of longitudinal

testing. Although the transition temperature range was not great

for the specimens annealed at 18000 F, the sheet with the lowest

temperature, 350 0F, does not correspond to the lowest longitudinal

transition. However, when both the longitudinal and transverse

data are compared, four sheets show the most desirable combination.

The processing schedules and resulting transition temperatures of

these four sheets are shown in Table XXVII.

In reviewing all of the bend transition data,

the following observations were made:

1. Bend transition results indicated a

slight advantage with the extruded sheet

bar over the press forged sheet bar as a

starting material.

2. Material rolled at 250 00 and 2700OF in

the initial rolling operation showed

higher bend transition due to larger grain

size resulting from in-process recrystal-

lization.I I

3. The optimum bend transition properties

were obtained from material containing a

minimum of 92% reduction from the last

recrystallization anneal.

4. Stress relief to improve bend transition

must be accomplished at temperatures below

the temperature of initial recrystallization.

g. Tensile Testing

Tensile data was established for all material

rolled. Testing procedures utilized were as follows:
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Specimen (See Figure 47)

0.75" Gauge Length
0.187" Gauge Width

Test Temperature - 900OF

Strain Rate - 0.005"/in/min to .6% Yield
0.050"/in/min to Fracture

Table XXVIII lists the tensile data estab-

lished for the five stress relief conditions utilized. Note that

a progressively greater number of specimens were broken in fab-

rication with increasing annealing temperatures. This in itself A

points out the des " -ability of lower stress relief treatments.
A

Several observations can be made in reviewing

this data. The first point is that the tens.le strength of the

material containing greater than 99P/o reduction with a 20000F stress

relief is significantly lower than that with 95% reduction, while

the other samples in order of decreasing reduction show corresponding

decreases in strength, as would be expected. This is attributed

to the high annealing temperatures, which on this highly stressed

material has resulted in a greater stress relieving effect. Figure 48

shows the effect of annealing temperatures on the tensile properties

at the various reductions. The dotted line shows the proposed

effect for lower stress relief temperatures on the material con-

taining 99% work. The remaining curves show a direct correlation

between reduction and tensile strength. The higher the amount of

cold-work, the higher the hardness. However, the more highly

strained material recovers at a much lower temperature.

All of the tests regardless of rolling method

or stress relief treatment resulted in ductile fracture at 900OF

as shown by the elongation values. These values also show that at

the lowest stress relief temperature, increasing reductions resulted
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in decreasing elongation. As shown in Figure 49, the curves cross -5

each other as the stress relief temperature is increased, resulting

in an inverse relationship at the highest stress relief temperature, N

i.e. olongation increases with increasing reductions.

The tensile properties of the four sheets

selected from the bend data are plotted in Figure 50. Note that i
there is considerable spread in the low temperature annealed strengths.

The higher strength of the two "A" sheets is attributed to the lower

finish rolling temperature than the "B" sheet from each group.

The elongation values in Figure 51 are also

shown to be slightly higher for the lower final rolling temperature. f

B. .InFab Rolling Studies

1. Sheet Bar Application

From the InFab forging studies discussed under
"Ingot Breakdown Evaluation", two forgings were produced from 1-1/2" fI
diameter extruded rounds. The resultant impact forged sheet bar

were sectioned into four pieces for InFab rolling evaluation. The

rolling schedule for these pieces is given in Figure 52.

2. Rolling Characteristics

a. Initial Rollin-

As indicated in the rolling schedule, two

pieces were rolled from 1.500" to .250" thick at 3000OF and two

pieces at 2400 0F. The two pieces rolled from 3000OF resulted in

a bond formation between the rolls and the sheet causing a section

approximately 2" square to be torn off. This problem was similar

to that previously discussed for pack rolling with stainless steel,

in that the contact surfaces of the roll and tungsten were clean

and incipient melting with subsequent bonding occurred. Other than

the bonding problem, the pieces were sound at .250" gauge. The
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remaining two pieces, rolled at 24000F, appeared to roll satis-

factorily; however, post inspection at .250" gauge revealed severe

laminations. This problem had not occurred on the conventionally

rolled material when rolled in the same temperature range; however,

the reduction per pass for the InFab rolling was approximately 30%

greater. All pieces, therefore, required conditioning prior to

the second rolling operation. Hardness readings on samdles of the

material rolled at 2400OF indicated 100% recrystallization at

28000F heat treatment and the two sheets were annealed at this tem-

perature in the InFab furnace.

b. Final Rolling

All of the sheets were rolled from 0.250" to

a nominal 0.085" at a constant furnace temperature of 21000F. At

this pcirt, they were conditioned and packed individually between

.125" thick stainless steel. Although it was not indicated on the

schedule, stainless steel cover plates were used in rolling between

0.085" to 0.040" due to the limiting separating force of the InFab

rolling mill. When the first two packs were rolled alternately at

18000 F, severe bonding occurred between the tungsten and the cover

plates. In attempting to separate the packs, the tungsten cracked

severely, however, sufficient material was available for evaluation.

For the second two packs, the furnace temper-

ature was lowered to 17000F, however, very slight bonding still

occurred. This bonding problem was attributed to the clean surfaces

of th' tungsten and cover plate material and the contamination-free

atmosphere which prevented a protective surface oxide film from

forming. The excellent surface condition in areas where bonding

did not occur was also attributed to the non-contaminating atmosphere

Df Lhe InFab enclosure.
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3. Evaluation of Final Rolled Sheet

Evaluation consisted of 1) metallographic obser-

vation of the as-rolled structures, 2) determination of the response

to heat treatment as determined by metaliographic studies, 3) hard-

ness data on the initiation and acceleration of recrystallization,

and 4) bend transition determinations.

Hot-cold rolling (24000F) versus hot rolling

(30000F), and straight versus cross rolling, resulted in signifi-

cant differences in grain structure as shown in Figure 53. From

the material rolled at 2400°F the grain structure of the cross rolled

material is wavy and coarser than the straight rolled. Also, the

grain boundaries of the longitudinal hot-rolled material are not

continuous, which is characteristic of a transverse structure in

straight rolled material. The transverse and longitudinal structures

of the cross rolled material are consequently shown to be quite

similar. The longitudinal hot-cold rolled structure shown is

similar to that obtained on conventional rolling utilizing the same

general rolling temperatures and reductions.

Figure 53 Aso shows the as-rolled structures

obtained with initial hot-rolling at 3000OF and subsequent hot-cold

rolling. It is immediately evide.,t that the hot rolling has re-

sulted in a very coarse grain structure. Except for the coarser

structure, the effects of cross rolling are shown to be the same

as that previously discussed for hot-cold rolling material.

Samples from all sheets were annealed for one

hour at temperatures from 18000 to 2400OF at 100OF increments.

The response to these heat treatments as measured by hardness is

fshown in Figure 54. There is little effect on the hardness drop

di:' to the different rolling techniques. The two hot-cold rolled

sheets do show a sudden drop above 22000F. However, they converge
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again at 24000F. This early drop off would indicate a slightly

lower recrystallization temperature for the hot-cold rolled material,

as would be expected. A plot of conventional rolled material is

also shown. No explanation can be given as to why the ha+rdness is

lower for thins material.

The recrystallization behavior, as determined

by microstructural observation, is similar to that previously

determined for material conventionally rolled. Figure 55 shows the

structure obtained on hot and hot-cold straight rolled material

after a one hour 2400OF stress relief as compared to conventionally

rolled material after the same heat treatment. The grain size and

degree of recrystallization are relatively equivalent for the InFab

versus conventional rolling. The grain size of the hot-worked

material is slightly larger in both cases although the difference

is not as significant as that shown for the as-rolled structures

in Figure 53.

Bend transition was determined for all sheets

after 18000 and 1900OF stress relief anneals. This data is con-

tained in Table XXIX. The data again points out that true hot

rolling is detrimental to bend properties. Cross rolling is shown

to have no effect on reducing the transverse bend transition temper-

ature. More extensive rolling and evaluation should disprove this

statement based on data obtained on investigations with other

materials. The lowest transition temperature compares favorably

with the values obtained on conventionally rolled material (approxi-

mately 85%). It must be pointed out that this material did not have

as much reduction from the last recrystallization anneal as that

shown to be optimua (92%) for conventional rolled material. In-

creased reductions on material rolled in InFab would be expected

to show improved bend transition temperatures. f
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C. Scale-Up ad Refinement of Rolling Practice

I. Investigation of Additional Rolling Variables

a. Sheet Bar Application

As previously discussed, the preliminary

rolling investigations did not include several rolling variables

which could influence the final properties. The three major

variables that had not been investigated were 1) cross rolling,

2) final rolling temperature, and 3) intermediate stress relief

annealing. Cross rolling is generally used to promote isotropy

within the sheet which is desirable in most applications.

In order to determine the effect of the

above variables, the rolling schedule shown in Figure 56 was fol-

lowed. Sufficient sheet bar was retained to permit rolling of the

24" x 24" sheets necessary for the scale-up required under Phase III

of the contract utilizing the optimum schedule determined from the

* investigations shown in Figure 56.j b. Rolling Characteristics

After initial breakdown of the three sheet

bars to .500" thick, samples were heat treated to determine the

appropriate stress relief cycle. Figure 57 shows the response to

heat treatment as measured by hardness. The three as-rolled pieces

were, therefore, annealed for one hour at 22000F.

These three pieces in addition to the remaining

*three sheet bars were subsequently all rolled to .110" thick without

evidence of cracking. At this point the pieces were segregated for

rolling to 0.060" gauge utilizing the various rolling temperatures
shown in Figure 56. For all rolling below .110", steel* cover plateb f

t4i
*AISI-Cl095 used for 12500 and 15500F rolling temperatureAISI-301 stainless used for 1850OF rolling temperature
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i
were use& to permit reduction to the desired gauge. The cover

plates also helped to maintain heat within the tungsten. One prob-

lem associated with the cover plates is edge cracking which occurs

when the edge of the tungsten slips out of the cover plates during

rolling. The resulting non-uniform reduction causes edge tears.

Figure 58 representing typical .040" gauge material, shows no edge

cracking.

c. Evaluation of Final Rolled Sheet

(1) Flattening and Descaling

Following the final rolling operations,

all sheets were roller leveled after preheating to 14000F. All

pieces were black (below 11000F) upon exiting from the leveler.
The .020" gauge material cooled below red beat (11000F) before
entering the leveler. The results, after flattening, showed that

the maximum deviation from flatness as measured by NAB recommendations

(Report 176-M) was 3%. The maximum permissible variation under

this specification is 4%.

All sheets were descaled in molten

caustic and acid baths to remove the oxide prior to cutting test

specimens. Test specimens were cut from each sheet according to

the plan shown in Figure 59.

(2) Reduction and Annealing Treatments

The starting sheet bars were the same

gauge regardless of final gauge produced. The in-process stress

relief anneals were also accomplished at a constant gauge regard-

less of final sheet gauge. By using this technique, various reduc-
tions existed in the final sheet in relation to the annealing tem-

peratures and thus a correlation of properties was expected. The

reductions encountered in each gauge sheet are as follows:
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.060" Sheet

95%- Total reduction from sheet bar

88% - Reduction f-om intermediate stress relief

.040" Sheet

96% - Total reduction from sheet bar

92% - Reduction from intermediate stress relief

.020" Sheet

98 % - Total reduction from sheet bar

96% - Reduction from intermediate stress relief

(3) Cross Rolling Ratio

Cross rolling was initiated at .110"

regardless of the final gauge produced. This resulted in increasing

degrees of cross rolling as the gauge was decreased. The determining

formula and the actual ratios for the three final gauges are as

follows:

% Reduction Before Crossing
Cross Rolling Ratio - % Reduction After Crossing

.060" Sheet I

Cross Rolling Ratio - 1.95/1 Actual or 2/1 Nominal

.040" Sheet

Cross Rolling Ratio - 1.45/1 Actual or 1.5/1 Nominal

.020" Sheet

Cross Rolling Ratio - 1.09/1 Actual or 1/1 Nominal

(4) Response to Heat TreaL-ent

Eighteen sheets were final rolled to

accommodate the rolling schedule given in Figure 56. Samples from

each of the eighteen sheets were subjected to one hour heat treat-
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ments over the range of 16000 to 2400 0F. Figures 60, 61, and 62
show the hardness response to these anneals. The intermediate

stress relief and final rolling temperatures had very little effect

on the response to heat treatment. The curves in Figure 60 for the

.060" material are the only ones in which even a slight effect due

to rolling temperatures can be observed. This figure indicates

that a rapid drop in hardness initiates earlier in the material

with the lowest rolling temperature (note hardness at 21000F); the

remaining curves are in direct correlation with their respective

rolling temperatures. Also, at the highest temperature checked

(24006F), the relationship still exists; that is, the lowest rol-

ling temperatures result in a lower complete recrystallization tem-

perature and correspondingly the highest rolling temperature has

the least degree of recrystallization at the same annealing temper-

ature. The remaining curves in Figures 61 and 62 are so close that

no definite trends can be established. In comparing all three

curves, it is shown that the initiation of recrystallization or

rapid hardness drop starts at 2100°F for 0.060", 2000OF for .040",

and 1950°F for .020" gauge. This was to be expected based on in-

creasing total reduction as the gauge decreased.

A secondary investigation was initiated

to determine 1) the hardness response to heat treatments for various

annealing times and 2) the effect of time and temperature on the

II recrystallized grain size. Annealing treatments were run over the

range of 18000 to 2700OF at 100OF increments. The times at temper-

ature were 5, 10, 20, 30, and 60 minutes. Figure 63 shows the hard-

A ness response plotting constant time versus temperature. In the

range of 2200 0F, the hardness is starting to decrease rapidly and

a direct correlation between annealing time and hardness exists.

Approaching complete recrystallization, the hardness values become
more erratic; however, at 2500°F the correlation still exists. As
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shown in Figure 64, the difference between the estimated 100%

recrystallization temperature for five and sixty minutes is 2000F.

This figure also shows that there is little or no difference in

the resulting recrystallized grain size due to the various time-

temperature heat treatments.

(5) Tensile Properties

Transverse tensile tests were conducted

on each sheet. Based on previous work, the stress relief temper-

atures of these specimens were limited to 16000, 17000, and 18000 F.

Tensile test procedures, in accordance with MAB 176-M, were as
fol lows:

Test Temperature - 900OF

Strain Rate - .005"/in/min to 0.6% yield

.05"/in/min to fracture

* Exception was taken to the specimen size

with the following used:

Gauge Length - 3/41"

Gauge Width - .187"

Figures 65, 66, and 67 are plots of I
ultimate strength and elongation in relation to the final stress

relief temperature. It is shown that a significant effect on the

tensile properties results from these relatively low stress relief

temperatures. In reviewing only the ultimate strength curves in

all three figures, it is shown that a distinct correlation between ,v

final rolling temperature and strength exists. In every case, the

strength is shown to be increased sharply with decreasing rolling

temperatures.

Trends based on elongation are more

indiscrete. In Figure 65, it is shown, with one exception, that :
the elongation increases with increasing stress relief temperature. .
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From this figure, it could also be said that the in-process stress

relief improves the final elongation values. In re'riewing all

three figures, it is shown that as the gauge decreased, the average

elongation values are typically decreasing. It is suggested that

the increasing degree of cold rolling in the light gauges also

contributed to the lower elongation.

The lower relative strength values for

the .020" material in Figure 67 are indicative of lamination and

machining problems in specimen preparation. This may also have

contributed to the low elongations on this material.

(6) Bend Transition Properties

Figures 68, 69, and 70 are plots of the

transverse bend transition temperature versus the three stress

relief temperatures investigated. In Figure 68, representing .060"

material, two sheets show significantly better results than the

remaining four. Both of these had an in-process anneal and the

final rolling temperatures were 12500 and 1550
0F, respectively.

The same process, except for a final rolling temperature of 1850
0 F,

is shown to have a much higher transition temperature. The lowest

transition temperature for .060" material was 225 0F.

In Figure 69, representing the .0 0"

material, three zhects show equally low transition temperatures at

one or more of the final stress relief temperatures. Two of these

three received an in-process anneal and, as in the .060" material,

the final rolling temperatures of 12500 and 1550°F were better

than 18500 F. The lowest transition temperature f:, .04u,' material

was 2000F.

Transition temperatures for the .020"

material are shown in Figure /0. One sheet was so susceptible to
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delamination on cutting that sound samples could not be prepared.

The relatively higher transition temperatures shown for the .020"

material again point out the delamination problem. The two sheets

having the lowest transition temperature both were rolled without

an in-process anneal. Again, as occurred in both .040" and .060",

the 12500 and 1550OF rolling temperatures were better than 18500 F.

The lowest transition temperature for this material was 225 0F.

The longitudinal bend transition data

for sheets which displayed good results in the transverse direction

are plotted in Figures 71 and 72. The transverse data are also

plotted for comparison. Figures 68, 69, and 70 are identified as

transverse properties; however, these data, in addition to micro-

structural evaluation discussed later, show that although the

transverse and longitudinal samples were cut with reference to the

last rolling direction, the degree of cross rolling was not suf-

ficient to erase the directionality estab]ished in the first rolling

direction. The bend transition data, therefore, shows better

properties in the transverse direction which is opposite to what

would be expected. No attempt was made to run longitudinal tests
on the .020" sheet because of the severe lamination problem.

Figure 71 contains a plot of the data

for .060" sheet. It is shown that a compromise situation exists;

i.e. if the sheet is anisotropic, one direction has an extremely

low transition temperature and the other direction on this same

material is relatively high. If the sheet is close to isotropic

conditions, the difference between the longitudinal and transverse

properties is very little. However, they are at a mid-point between

the best and poorest conditions of the highly directional sheet.

In Figure 72, the same situation is

shown to exist for .040" material as previously discussed for the

.060" sheet. A further comparison of bend data can be made by
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referring to the initial rolling studies previously covered. In

this study, .040" gauge sheet was produced exclusively and no cross

rolling was incorporated into the process schedule. By selecting

four sheets from each practice, it is shown that cross rolling

reduces the transverse bend transition temperature from an average

3880 to 325 0 F. The minimum longitudinal transition temperature

was 200OF in both cases; however, for cross rolled material, three

out of four were at 200F and in straight rolling, only one out of

four was at this temperature. It is concluded then that cross

rolling improves transverse properties and also maintains or im-

proves longitudinal properties.

(7) Micro Examination V
Samples from all sheets in the as-rolled i

16000, 17000, and 1800OF stress relieved condition were examined

metallographically. For each gauge, there was very little, if any,

observable difference in the structures due to the various rolling

practices. Typical structures of each gauge are shown in Figures

73, 74, and 75.

In reviewing these figures, it must be

remembered that the directions indicated, i.e. longitudinal and V7

transverse, are in relation to the final rolling direction. The

typical wavy structure shown for the longitudinal direction is 4
similar to that shown previously for the transverse structure in t
straight rolled material. It was concluded that the degree of

cross rolling was not sufficient to erase or reverse the direction-

ality established in the initial rolling direction from a micro-

structural aspect.i4 In Figure 75, representing .020" material,

the longitudinal and transverse structures are shown to be almost

identical. It is suggested that the cross rol]ing ratio of 1:1 used

on this material should produce close to isotropic conditions.
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d. Analysis of Data

It appears from the tensile as well as bend

and micro data that the high degree of work in the .020" material

resulted in a high susceptibility to delamination upon cutting or

shearing.

An overall analysis of the tensile data and,

principally the elongation values, suggests the need for an in-

process anneal. This is most clearly shown on the .060" material

so that it is further concluded that the reduction after the in-

process anneal should not exceed 88%, which corresponds to the '4,

process utilized for the .060" material.

From the lamination problems associated with

the .020" material, it is concluded that the amount of cold work

from the last recrystallization anneal was also too severe and a

recrystallization anneal at some intermediate gauge will be required

when producing this gauge sheet. It is concluded that the total

work in the 0.040" and 0.060" sheet was close to optimum. The

total reduction from the last recrystallization anneal should,

therefore, not exceed 96% with 92% to 94% recommended.

It has been shown that of the three final

rolling temperatures utilized (18500, 15000, and 12500F), the two

lower temperatures consistently resulted in better tensile elongation,

ultimate tensile strength, and ductile-brittle bend transition.

Cross rolling at ratios of 2:1, 1.5:1, and 1:1

were utilized. The first two of these three did not permit suf-

ficient work in the final rolling direction to produce isotropic

properties. Unfortunately, the third ratio, 1:1 could not be com-

pletely evaluated due to the severe lamination problems in the .020"

gauge material. Microstructural evaluation of this material did

show that the longitudinal and transverse structures were quite
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similFhr.- It is concluded that a ratio approaching 1:1 ,ould be

desircble. This also agrees with the conclusion drawn by Pulsifer

on powder metallurgy tungsten.

In selecting a final annealing temperature,

a coinprLmnisc situation again exists. It was shown that the strength

drops off rapidly at increasing annealing temperatures above 16000 F

(refer to Figure 63). This is more severe for the .060" sheet than

the .040" and .020" (refer to Figures 64 and 65). With increasing

annealing temperatures, the elongation values were, in general,

increasing rapidly. The bend transition temperature was also shown

to be effected by these low annealing temperatures. For tungsten,

it is suggested that low temperature ductility should not be sacri.-

ficed for higher strength so that the final annealing temperature

should be that which produces the highest tensile elongation and

lowest bend transition temperature. It appears that the one hour

17000 F anneal best suits this prerequisite.

2. Scale-Up to 24" x 24" Sheet From 4" Diameter

Extrusion Billet

a. Process Schedules for 24" x 24" Sheet

From the data presented, the rolling practice

for producing the final sheets in this phase was established. One

deviation from the selected conditions was the cross rolling ratio.

it was established that a ratio approaching 1:1 would be desirable,

but due to the configuration of the available sheet bar, it was im-

possible to produce 24" x 24" sheet having a 1:1 cross rolling ratio.

The process schedules established for each

final gauge sheet were different and, therefore, are presented

individually as follows:
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Process Schedule for .060" Sheet

Starting Material: Nominal I" x 3" x 17" Sheet Bar

Condition: Annealed 1 Hour at 2800°F
Roll To: .400" x Nominal 7.5" x 17" at 2300°F '10

Stress Relieve: One Hour at 2200OF

Roll To: .100" x Nominal 27" x 17" at 2300OF '

Condition &
Cross Roll To: .060" x Nominal 95" x 27" ac i550cF

Stress Relieve: One Hour at 1700OF
VCrop T:24" x 24"

Roller Level

Descale

Reduction After Recrystallization Anneal - 94%

Reduction After Stress Relief Anneal - 85%

Cross Rolling Ratio - 2.25:1

Process Schedule for .040" Sheet

Starting Material: Nominal i" x 3" x 11" Sheet Bar

Condition: Annealed 1 Hour at 2800OF

Roll To: 500" x Nominal 6" x 11" at 2300OF AA

Recrystallize: One Hour at 2600OF

Roll To: .250" x Nominal 12" x 11" at 2300OF

Stress Relieve: One Hour at 2150OF ,

Roll To: .100" x Nominal 27" x 11" at 2300OF

Condition 0 '

Cross Roll To: .040" x Nominal 25" x 27" at 1550OF

Stress Relieve: One Hour at 1700OF

Crop To: 24" x 24"

Roller Level

4, Descale

Inspect

-Ij - 167 - 9



Reduction After Recrystallization Anneal - 92%

Re4uction After Stress Relief Anneal - 84%
Cross Rolling Ratio -1.35:1

Process Schedule for .020" Sheet

Starting Material: Nominal 1" x 3" x 7" Sheet Bar

Condition: Annealed 1 Hour at 2800OF

Roll To: .250" Nominal 12" x 7" at 2300°F

Recrystallize: One Hour at 2600OF

Roll Tc: .100" x Nominal 27" x 7" at 2300OF

Stress Relieve: One Hour at 2100OF
Condition

Cross Roll To: .020" x Nominal 25" x 27" at 1550OF

Stress Relieve: One Hour at 1700OF

Roller Level

Descale

Inspect

Reduction After Recrystallization Anneal - 92%

Reduction After Stress Relief Anneal - 80%

Cross Rolling Ratio - .75:1

b. Rolling Evaluation of 24" x 24" Sheet

Using the process schedules outlined above,

three sheet bars were rolled to produce the required .060", .040",

and .020" sheet. The .060" sheet was rolled satisfactorily and

after stress relieving, roller leveling and descaling, it was in-,

spected for gauge tolerance and flatness. The results of this
Ii!! inspection were as follows: IA

Flatness

The flatness was measured using MAB recom-

mendations. The NAB tolerance is 4%. The maximum deviation on

this sheet was 2%.
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Gaug e Tolerance !

The MAB tolerance on thickness is one-half

of AMS2242. For .060", this is ±.003". Actual gauge measurements

were as follows:

.058 .059 .058 .069 .060

.062 .062 .061 .061 4

Rolling Direction

.061 .062 .062 .062

.061 .061 .061 .062 .061

The maximum deviation from .060" was, therefore, +.002 and -.002.

The .040" shee was inadvertently broke

during rolling to final gauge due to an excessive time delay from

furnace to mill caused by problems in aligning the sheet for rolling. '

The .020" sheet was rolled to final size

utilizing steel cover plates from .100". After rolling, the cover

plates were removed and it was observed that the piece had folded

or over-lapped in a plane parallel to the rolling direction in the

71 center of the sheet on the trailing 10", This problem was attributed

to improper roll crown and also to the fact that only one sheet was A

being rolled at the time. Multiple sheets would be used when more

than one sheet is being produced. The sheet was subsequently evalu-

ated for flatness and gauge tolerance with the following results:

Flatness

i ~This piece was not roller leveled because of °

the fold on the trailing end. The as-rolled flatness was 3.5%.
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Gauge Tolerance

The MAB tolerance for °020" gauge is ±.0015".

At three points along each side, the actual gauge was as follows:

.0215 .0210 .0195

Rolling Direction

.0195 .0207 .0200

The actual deviation was, therefore, +.0015 and -.0005.

D. Scale-Up to 36" x 36" Sheet From 6" Diameter
Extrusion Billet

i. Sheet Bar Application

The material available for rolling to 36" x 36"1
sheet consisted of four mults of press forged sheet bar and three

mults of direct extruded sheet bar produced from the evaluation of

6" diameter extrusion billet. Initially, for this investigation,

it -was planned to produce 'Lour sheets of each gauge to determine

the process uniformity from sheet to sheet. Because of problems

developed durina rolling, some deviations from the above plans were

required. In the first rolling series, two extruded sheet bars,
:-e mults 1148-1 and 1148-2 and two press forged sheet bars, 1167-1 and

1167-2, were applied to produce only the .060" sheets since these

would be the easiest to produce and give experience in rolling the

wide width.

2. Process Schedule for 36" x 36" Sheet

fThe most promising processing schedule for rol-

ling 36" x 36" sheet in gauges of .060", .040", and .020" as deter-

mined by the initial rolling studies, is given in the following

tables:
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TABLE XXX

TENTATIVE ROLLING SCHEDULE FOR .060" SHEET

1. Roll from sheet bar to I" thick at 2300OF furnace temperature.

2. Recrystallize one hour at 27000F.

3 Roll to .400" thick at 2300°F furnace temperature.

4. Stress relieve one hour at 2000 0F.

5. Roll to 38" long x width x gauge at 2300°F (nominal 38" x

20" x .120").

6. Cross roll to .060" x 38" wide x length at 1400OF (nominal 40"

long).

7. Crop to 36" x 36".

8. Roller level at 1400OF furnace temperature.

9. Descale.

10. Stress relief at 1700 0F.

11. Inspect and evaluate.

TABLE XXXI

TENTATIVE ROLLING SCHEDULE FOR .040" SHEET

1. Roll from sheet bar to .600" thick at 2300°F furnace temperature.

2. Recrystallize one hour at 26000F.

3. Roll to .300" thick at 2300OF furnace temperature.

4. Stress relieve one hour at 2000 0F.

5. Roll to 38" long x width x gauge at 2300OF (nominal 38" x 24"

x .150"). Io0

6. Cut into two pieces nominal 38" x 12" x .150".

7. Cross roll to .040" x 38" wide x length at 1400OF (nominal 38").

8. Shear to maximum size.

9. Roller leve? at 1400OF furnace temperature.f

10. Descale.

11. Stress relieve.

12. Inspect and evaluate.
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TABLE XXXII

&TENTATIVE ROLLING SCHEDULE FOR .020" SHEET

'. Roll from sheet bar to .275" thick at 2300°F furnace temperature.

2. Recrystallize one hour at 2500 0F.

3. Roll to .125" thick at 21000F.

4. Stress relieve one hour at 20000F.

5. Cross roll to .060" x 38" wide at 14000F.

6. Cut in half (.060" x 38" x 14" nominal).

7. Roll to .020" at 1400OF (nominal .020" x 38" x 40").

8. Shear to maximum size.

9. Roller level at 1400OF furnace temperature.

10. Descale.

11. Stress relieve at 17000F.

12. Inspect and evaluate.

3. Rollinq Evaluation of 36" x 36" Sheet

a. .060" Gauge Sheet Product

The four originally applied sheet bars were

rolled to an intermediate gauge of 1" using a 2300°F furnace tem-

perature. One pass per reheat was used for this initial rolling

in i l a . o n onstep.

The initial breakdown of the four sheet bars

resulted in no visual cracks. Rolling to final gauge required three

additional steps, as outlined in Table XXX. The material was next

rrolled from " thick to .400" at a temperature of 23000F. The

first piece cracked severely on the second pass. This was attributed

to excessive reductions per pass and by decreasing the reduction per

-J, " pass on the remaining three pieces, there were no further problems.

At this point, the three remaining pieces were stress relieved and

conditioned for further rolling. Material salvaged from the cracked

piece was reapplied to .020" gauge.
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The third rollinq operation was then under-

taken to roll the material to .120". In this rolling operation,

sheet 1148-2 was initially a heavier starting gauge and one pass

was required to get it equivalent to the remaining two pieces.

After the one pass was rolled, the mill settings were the same for

all nieces down to a point where a 38" length for cross rolling was

acquired. After this rolling operation, the sheets were sheared

for cross rolling. During shearing, sheet 1148-2 cracked, thus

preventing production of a full sized .060" x 36" x 36" sheet. The

actual sizes of the three remaining sheets after shearing and con-

ditioning were as follows:

1148-2 .117" x 38" long x 13-1/2" wide
1167-1 .112" x 38" long x 20-1/2" wide
1167-2 .106" x 38" long x 19" wide N;

Since the first piece (sheet 1148-2) could

not be rolled to a full size at .060" gauge, the schedule was

changed to permit rolling to .040" which would produce a full 36"

x 36" sheet.

For the fourth rolling operation, cover

plates of AISI 1095 steel were used to facilitate reduction to the

desired gauge. Two sheets, nominal .125" thick, were cut to match

each of the three tungsten sheets. During this rolling operation,

the gauge was not measured until the sheets were close to the

desired final thickness. Reduction in this case was determined by

the increasing length of the total pack. The two pieces being rolled 4
to .060" gauge rolled satisfactorily although some edge cracking

did occur. This edge cracking had previously been explained under -

the initial rolling evaluation as being caused by misalignment of

the cover sheets with respect to the tungsten thus causing uneven

reduction and stresses on the edge sections. The nominal as-rolled ,

size of these pieces was 38" wide x 40" long. The piece reapplied
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to .040" developed a longitudinal crack in the center of the

trailing end early in the rolling sequence. Although this crack

did not propagate, it did elongate proportional to the reduction.

At .040" gauge, the piece was a nominal 38" wide x 41" long.

HRwever, the crack permitted only a 26" length of sound material.

After rolling, all three pieces were sheared

to maximum size. During the shearing operation, a crack developed

along the side of piece 1167-1 which required additional shearing

to 33-1/2" wide x 37" long. On piece 1167-2 a crack developed on

the end which required shearing to a length of 32-1/2" x 36-3/4"

wide. The three sheets were subsequently roller leveled utilizing

a 1400OF furnace temperature. During the flattening operation, a

crack developed on piece 1148-2 which required shearing to 35" wide.

After the flattening operation, the sheets were descaled in molten

caustic. Figures 76 and 77 show the sheets .060" and .040"

respectively. Stains are prevalent from the descaling operation;

however, these are readily removed by scrubbing.

(1) Inspection

The flatness and gauge tolerance are

summarized in Table XXXIII. The goals on gauge control were one-

half of AMS 2242 tolerances which are ±.002 and ±.003 for .040"

and .060" sheet respectively. As showm in the table, the .040"

sheet was out of specification by 0.001" on the high side with the

minimum value being 0.0400". Since the total variation was 0.003",
the sheet could readily be pickled to uniformly remove approximately

.0015". This should then give a .olerance of 0 040", ±.0015".

Both .060" sheets were within the desired gauge tolerance. The

degree of bow or out-of-flat as determined using MAB recommended .

practices are less than the maximum 4%.
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(2) Microsco,ic Examination

r~ Samples from each sheet were annealed

at 1700OF and prepared for micro examination. Figure 78 shows the

representative longitudinal and transverse microstructures. There

is no apparent difference between the sheets which can be observed

from these microphotographs. I
(3) Bend Transition

The 4T bend transition temperature was

ivestigated using a constant 8" per minute ram speed. Samples

for both tensile and bend studies were cut from both the left and

rdght side of each sheet for determination .of the uniformity within

the sheets. Both longitudinal and transverse properties were in-

vestigated.

Several final annealing temperatures

were investigated which required shearing the test samples out of

the sheet in the as-rolled condition. This later proved to be a

prc lem since severe delamination resulted from shearing.

The sequence of sample cutting and

preparation was as follows:

.060' Samples

Shear 1.20" wide strips.

Abrasive cut strips into .750" wide samples (samp~.es

.750" wide x 1.20" long or 12-1/2T wide x 20T long).

Polish edges to be bent (abrasive cut edges) through

150 grit paper.

Test.

The .040" samples were prepared using

the same procedure. The size was smaller, consistent with the

nominal 12T width and 20T length.
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The edges across which the bending takes

place were abrasive cut while the ends were sheared. inspection

- f ihe saMples Using lOX magnification showed in many cases delamin-

" tion starting-at the sheared edge and extending up to 1/4" through

hO amp*le. t Ths was not felt to be detrimental as they did not

_ endh into the actual area of the bend. he die and ram were

- mOunted in a universal testing machine using a resistance heated

- 0Uffe ftknace. A thermocouple was attached to the top face of the

de adjacet -the specimen. Figure 79 is a plot of the bend

t ansition data for the two sheets of .060" gauge. considering

'oly 6he temperatures at which a full bend can be made, it is shown

1. The variation in transverse values
within one sheet from the left to
the right side is 509F.

2. The maximum variation in the trans-

verse direction between the two sheets
L is 1000F.

3. The variation in longitudinal values

within one sheet is 700F.

4. The variation in the longitudinal

direction between two sheets is 750F.

(4) Tensile Properties

For all initial tensile testing samples

having a 3/16" gauge width and 3/4" gauge length were utilized.

Table XXXIV lists the partially completed data or investigation of

the tensile transition. In reviewing this table, the first obvious

point is that in this low temperature region, most of the samples

broke at the pin hole. This problem did not exist on elevated

temperature tests. As the test temperature decreases, the unit

-180-
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strength is increasing ra-li.e.,. at 900OF the nominal uTs is

120,000 psi while values jr 1-e range of 2000 to 3000PF are as high

- -as 190,000 Psi. The load rv. zred ~fthe low temperature tests

is sufficiently higher to cause the grip area (pin hole)- to fracture 1

prematurely. In addition,, the notch sensitivity in the 4aztje

brittle region is much greater.

It continuing the tests up to 9000P',

a very interesting phenomena occurred. In Figure 80, it is shown

that the, ultitivte tensile strength and .2% yield strength decraesed

uniformly with increasing temperature,- however, the elongation.,

starting in the ductile-brittle zone increased rapidly to a peak

at 4000F and then decreased to approximately.6000P, where the rate

of decrease becomes more gradual, reaching a low point at 9000F.

- - This is in agreement with previously reported literature data;
-. however, the results appear more pronounced in this work.

Based on !4AB standards, extensive testing

* of all sheets was accomplished at 9000?. Duplicate samples from

two positions within each sheet were tested in both the longitudinal
and transverse directions. Table XXOCV lists the results obtained

for samples stress relieved at 17000F. The sample position, i.e,

left and right, refer to opposite sides of the sheets where samples

N- were taken.

in reviewing the data in Table 10OXV, the

variation in properties can be summarized as follows:

Maximum Rangre on puplct Samples

UTS .2% Yield Zloncjation

115,700-121,500 98,100-1129500 7.6-8.7
Mean 118,600 ±2,900 105,300 ±7,200 8.1 ±0.54

1AA
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Maximum Range on Samplez From One Sheet One Direction

UTS .2% YielId El~ongration

f1,200-120p, 10 98) 100-112,500 6.7-8.7
Mean 115,700 t40500 105,300 ±7,200 7.7 ±1 .

Maximum Range on All Samples From One Sheet1' ~- 2~j2 itudina1 and Transverse) _-o.ati.

U2o Yield 'Elongatio

IIC,000-120,i00 95,600-114,100 ,.7-8.7
a Mean 115,,050 ±5,050 104,800 ±9,200 7.7 ±I

.V Maximum Range on All Sam2les From All Sheets

UTS .2% Yield % Elongation

108,600-123,100 93,000-114,100 4.7-8.7
Mean 115,850 ±7,250 104,000 ±10,000 6.7 ±2

The allowable room temperature variations

established by MAB for all specimens are:

UTS - ±7% About the Mean

.2/ Yield - ±10% About the Mean

he above data shows that the percent

variation on all samples was:

UTS - ±6.27%
.2% Yield - ±9.72%o

The average elongation for all samples

is 7.2%. The average of the .040" samples is 5.68% and for the

.060" only, 7.95%. The lower elongation in the .040" samples is
attributed to the fact that this material was originally scheduled

to .060" and, therefore, the intermediate anneals were such that

at .040" the sheet contained more work than the .060" sheet.
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As previously stted, C'~e A-t f

XXcXV was for samples having a final ,,-tress relief of 170007 ft~

one sheet (1167-2) additional samples were tested from the right

side only after 16000 and 1800OF anneals. The results are listed

in Table XXXVI. "

TABLE XXXVI

9000F TENSILE PROPERTIESFINAL STRESS RELIEF 16000 AND 1800OFSHEET 1167-2 ONLY

______ tTTS3 .2% Yisld ____

Anneal Directior X_10 x '10 %Elongation

1600 Transverse 124.2 119.5 6.5
1600 Transverse 123.0 115.2 7.3
1600 Longitudinal 107.7 104.1 5.9
1600 Longitudinal 117.6 109.8 7.5
1800 Transverse :13.7 102.4 8 3
1800 Transverse 134.2 105.6 6.9

1800 Longitudinal 109.8 97.7 7.2
1800 Longitudinal I r7.4 101.8 7.7

The average values for the three

anneals on this sheet were as follows:j

Anneal x 10 % Xi10 Elongation

1600 118.1 112.15 7.55 j
-~1700 114.8 105.1 8.10

1800 111.3 101.9 7.52

The UTS and .2% Yield decrease with ,,

increasing annealing temperature is as would be expected. The [
elongation values are shown to be the same for 16000 and 18000F,

but slightly higher for the 1700OF anneal.

Tensile properties were investigated in

the temperature range of 9000 to 20000F. Figure 81 shows that a

gradual decrease in strength occurs, the UTS decreasing from a

-187-
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nominal 120,000 psi to 75,000 psi and the .2% yield showing a

corresponding decrease approximately 5,000 psi below the UTS. The .I
elongation, although somewhat erratic, shows a slight increase

from a nominal 7% to 9%. 1 .

More extensive tensile testing was ac-

complished on each sheet at 20000F. Duplicate samples in both the

longitudinal and transverse direction were tested from both sides

of the sheet. The results of this effort are listed in Table XXXVII.

In reviewing this table, the following

results are given:

Maximum Range on Duplicate Samples

UTS .2% Yield % Elongation

73,800-84,100 68,000-79,600 8.3-9.7
Mean 78,900 ±5,100 73,800 ±5,800 9.0 ±.7

Maximum Range on Samples From One Sheet One Direction

UTS .29 Yield % Elongation

73,800-84,100 68,000-79,600 7.2-10.3
Mean 78,900 ±5,100 73,800 ±5,800 8.7 ±1.5

Maximum Range on All Samples From One Sheet
(Longitudinal and Transverse)

UTS .2% Yield % Elongation

70,700-84,100 65,600-79,600 6.3-10.3
Mean 77,400 ±6,700 72,600 ±7,000 8.3 ±2

Maximum Range on All Samples From All Sheets

•UTS .2t. Yield % Elongation
69,900-84,100 62,900-79,600 6.2-10.8

Mean 77,000 ±7,100 71,200 ±8,300 8.5 ±2.2

-189-
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In the transverse direction only, at

20000F, the allowable variation for specimens in any one lot is as

follows:

2UTS -+1% About the Mean

.2% Yield - 15% About the Mean

In addition, elongation shall 
not be T

less than 5%.

From this data, it is shown that com-

paring both the longitudinal and transverse from two different

lots and two gauges, the maximum variations are:

UTS - ±9.33o

.2% Yield - ±11.65%

The minimum elongation is 6.3%.

Considering the transverse direction

in one lot, the maximum variations are:

UTS - ±6.47%

.2% Yield - ±7.85%

For the longitudinal direction in one

lot, the maximum variations are:

UTS- ±4.12%

.2% Yield - ±4.98%

The values are shown to be well within

the desired range.

The tensile properties in the temper-

ature range of 20000 to 3000OF are plotted in Figures 82 and 83.

As shown in Figure 82, the strength decreases rapidly in the temper-

ature range of 22000 to 2400°F and then reverts to a more gradual

decrease in continuing to 30000F. The rapid drop in the 22000 to

-191-
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At the 3000OF test temperature, more

V extensive testing was accomplished. The data shown in Table XXXVIII. isi -for only one sheet (1167-1).

The maximum variation between one set

of duplicate samples is:

UTS .%Yield % longation

12,200-14,000 5,200-6,100 55.7-71.7
Mean 13,000 ±900 5,650 ±450 63.7 ±8

The maximum variation in the transverse

direction Is:

TI S .2% Yield to Elongation

12,400-14,800 5,200-6,100 61.6-84.9
-TMean 13,600 ±1,200 5,650 ±450 73.2 ±12

The maximum variation in the longi-

tudinal direction is:

UTS /.% Yield !/ Elongation

12,200-14,100 5,800-7,400 55.7-77.7

Mean 13 ,150 ±950 6,600 ±800 66.7 ±11

A Using the data listed in Tables XXXV

and XXXVII, confidence limits on 9000F and 2000OF tensile properties

were calculated using the following:

2Standard Deviation x~
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TABLE XXXVII

3000OF TENSILE PROPERTIES

Sheet 1167-1

Sample Test UTS3  .2% 1 gl
Position Direction x 10 x 10~ Elonaation

Right Transverse 12.4 6.1 84.9

Right Transverse 12.4 5.2 71.3

Left Transverse 13.7 5.9 61.6

Left Transverse 14.8 5.8 62.0

Right Longitudinal 14.1 5.8 65.1

Right Longitudinal 12.2 6.1 77.7

Left Longitudinal 15.3 7.1 71.7

, Left Longitudinal 15.7 7.4 55.7

19
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~ -. ~- ~68% Confidence Limit
2a_= 95% Confidence Limit

tible, -'WOQ lifts the limits' established.

b. .040" Gauge Sheet Product

After determining the rolling characteristics

Ot r,06011 gaug6 a~t the wide width, one sheet bar from heat KD1168

04os Applied to produce .040" sheet. 'The as-conditioned size of

this alheet bar wras 1-3/41" x 4"1 x 24"1 long (from direct extruded

s1b,!dt bar). Vollowing the rolling schedule previously given in

Table MI,. the sheet bar was rolled to .143" thick with no problems.

A*Ihspit.tersutn he rdc a cut into two pieces

4 with the following dimensions: Piece 1168-1, .14311 x 27" wide x

112.-3/'V' long; Piece 1168-2, .143" x 38-1/2" wide x 12-3/4"1 long.

Cross rolling to .040"1 gauge was initiated and piece 1168-2 cracked

on initial rolling to the extent that a full size .040"1 sheet could

4 not be produced. Tt was therefore stopped at .060"1 gauge to be

rolled to .020"1 with the .02011 material. The remaining piece 1168-1

was spedfo171wd o31 ie n hncosrle o.4"
As it was slightly undersized to begin with, a full size was not

produced. Also, cracking occurred on the trailing end permitting

final sheared size of only 34" wide x 24"1 long. I
(1) Bend Transition4

The transition temperature for the .040" 1

gauge sheet was determined for three different final stress relief

temperatures correlating the left oide of the sheet with the right

side in both the longitudinal and transverse directions. The data

are shown in Table XL.

-196-Kd
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4T BEND TRISITION TEM/PATDrE

-Stress Relief Te L e atue

Pss !n 1600OF 170o01 F  ISOO0F

KoIIul al f 300 375 350
Longitudinal Right 325 350 325
Transverse I,-ft 250 175 175
Transverse Right 225 250 225

In comparing the left side of each

sheet ith the right side, four Of six are within 250 of each'

other. Of the remaining tw(, one shows 500F difference and the

other 75*F difference. Comparison of the three annea.ling temper-

atures shows, on the average, decreasing transition with increasing

annealing temperature. This correlates to some extent with the

data produced on the initial rolling evaluation which indicated that

1700OF was the most desirable annealing temperature and higher bend

transitions resulted with anneals above or below this value. in

the initial evaluation, Ve lm¢est bend transition on .040" gauge

was 2000F. Through refinements in the rolling practice, the low

values on this material were established at 1750F

A-0"(2) Tensile Properties

Using the same parameters previously

established for tensile testing, investigations were run to deter-

mine the tensile transition temperature and 900 , 2000 , and 3000F

tensile properties. Premature specimen failure prevented accurate

determination of the tensile transition temperature. The lowest i

temperature tests which were satisfactory are summarised in Table

i XLI. Lower temperature tests than those indicated consistently

resulted in specimen failure at one of the supporting pin holes.

,. The 900OF tensile properties are also listed in Table XLI.
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4, The positions indicated as left and

right refer to the extreme sides of the sheet. The two different

pDaitions were used to determine uniformity within the sheet.

Duplcate samples were run for each position with longitudinal

loft positions showing the greatest variation. Using the mean for

Mthse two tests, the variation in UTS is 3.5%. This mean value,

120t500 psi, correlates extremely well with the opposite sheet side

utich showed a mean value of 120,700 psi. The transverse values

' &,so show good correlation between the two sides. Comparing the

mean transverse and longitudinal test values, it is shown that the

transverse UTS is 8,500 psi greater. The transverse .2% yield is

5,100 psi greater; however, only a 6% elongation exists in the

longitudinal direction. This anisotrophy in elongation is attributed

to cross rolling even though the strength values which are more

sensitive show a slight degree of directionality.

:, 
Tensile tests 

to determine 
the 2000OF

77: tensile properties were conducted using the same position plan as

j 1 that for the 9000F tests. Also, as with the 900OF tests, duplicate

isamples were tested for each positionI The results of these tests

7-- are listed in Table XLII.

TABLE XLII

2000OF and 3000OF 
TENSILE PROPERTIES 

(.040" SHEET) 
I

' 
All Samples Stress 

Relieved one Hour 
at_1700F

All Samples Tested Under a Vacuum of 3 x 10 Millimeters

A S e r R e O Ha2000OF
3 3

Al aPesteste Unde a Vauu of% 3S x 10 Millimeters

Transverse Left 86.4 81.7 7.2

Transverse Left 86.2 79.7 5.7
Transverse Right 93.1 84.5 5.6

- Transverse Right 96.3 84.1 7.1
Longitudinal Left 74.8 71.2 7.5
Longitudinal Left 74.7 66.8 7.2

* Longitudinal Right 76.7 71.3 6.9
Longitudinal Right 74.8 67.8 6.4
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TABLE XLII (cont.)

3000OF
3 3Position UTS x 10 .2% YS x 10 % Elongation

Transverse Left 13.4 4.7 54.5
Transverse Left 12.7 4.3 47.7
Transverse Right 12.6 5.0 48.4
Transverse Right 15.0 6.1 52.9

The duplicate samples show extremely

good uniformity. The greatest variation between the two sides of

the sheet exists in the transverse UTS, 8,400 psi deviation be-

tween the two mean. The longitudinal values show a much closer

correlation between sides with a deviation of only 1,000 psi UTS.

The elongation values are consistent, with a mean variation of 0.6%

between longitudinal and transverse. Note that this is identical

to the difference in the 900OF elongation values.

3000OF tensile properties were deter-

mined in the transverse direction only since the samples recrystal-

lized during heating to test temperature, and the sheet direction-

ality is thus destroyed. The data established is also presented

in Table XLII.

c. .020" Gauge Sheet Product

From the rolling characteristics of .060"

gauge at the wide widths, two additional sheet bars were applied

to produce .020" sheet from Heat KD1147. The nominal starting

sizes of these pieces were as follows:
01147-1 21 x 3-1/2" x 20" Press Forged

1147-2 2" x 3-1/2" x 20" Press Forged

In addition, one piece of 1148-1, which broke

at an intermediate gauge in rolling to .060", was rolled in this

series to .020". The rolling schedules established for this material

were previously given in Table XXXII.

-201-
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All but one piece rolled satisfactorily to
the intermediate gauge of nominal .11011 to .140" thick. The one

piece (1147-1) cracked severely on the first pass after the recrys-

tallization anneal at .300" thick. It had been planned to roll two

pieces of .0201 from this sheet; however, after the cracks were

sheared out, it was possible to roll only one piece. A review of

the sheet sizes at this point was as follows:

1147-1 .104" x 36-1/4" wide x 14-1/2" long
1147-2 .125" x 38" wide x 20-3/4" long
1148-1 .100" x 39" wide x 10-1/2" long

For further rolling all pieces were packed

between AISI 1095 steel. The furnace temperature utilized was

14000F. All of the material rolled to .060" satisfactorily and,

after conditioning, the following pieces were available for rolling

to .020" :

1147-1 .060" x 37-1/2" wide x 16" long
1147-2 .060" x 48-1/5" wide x 14-3/4" long
1147-2 .060" x 38-1/4" wide x 14-3/4" long
1148-1 .060" x 37-1/2" wide x 16" long
1168-2 .060" x 38" wide x 12" long

For final rolling to .020" it was planned

to roll 1147-1 and 1148-1 in one pack and the two pieces of 1147-2

in a second pack with 1168-2 rolling single. In transporting the tl
material to the mill, 1147-1 cracked 2-1/2" in on the edge which

required shearing to 35" wide. 1147-1 and 1148-1 were therefore

rolled separately as they did not match in size. Again, all pieces

were cover plated with AISI 1095 steel. All pieces rolled satis-

factorily to .020" gauge.

The last processing operation on the .020"

sheets was shearing to size. During this operation, one piece

(1147-1) cracked and required reshearing to a shorter length. The

final sizes of the five sheets after shearing were as follows:

-202-
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1147-1 .020" x 34" wide x 34-1/2" long
1147-2A .020" x 36-1/2" wide x 38" long
1147-2B .020" x 36-1/2" wide x 38" long
1148-1 .020" x 36" wide x 42" long
1168-2 .020" x 37" wide x 34" long

The flattening operations were accomplished

on a roller leveler in conjunction with a 1200OF gas fired furnace.

Only one pass per reheat was attempted since the rolls were not

preheated and the exit temperature of the sheets ranged from 3000

to 4000F. Three to five passes were required to flatten the sheet

to within 4% as determined by MAB standards.

For descaling, the following sequence was .
used:

1. Preheat to 500 0F 6. Water Rinse

2. Hydride (1000OF) 7. Permanganate Bath

3. Air Cool 8. Sulfuric Bath

4. Water Rinse 9. Water Rinse

5. Sulfuric Acid Bath

The five sheets were supported vertically

on a steel rack for processing through the above sequence. Figure 84
shows a typical sheet at .020". The stains which are prevalent

over the sheet surfaces were readily removed by scrubbing.

(1) Inspection

All the sheets including the two which

were cracked, were measured for gauge control. Using the MAB

standard of one-half AMS 2242, the allowable variation on .020"

sheet is ±.0015". The gauge readings from these sheets are summarized

in Table XLIII. As shown, only one of the five sheets is within

the desired tolerance. The remaining four are all out on the high

side varying from .0006" to .0015" over the maximum limit. Sheet

1148--I could readily be brought within tolerance by pickling off
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ii
.0009" since the low reading on this sheet was .0010" above the

lower tolerance limit. Sheet 1147-2B which has the highest out of

tolerance value could be brought to within .0002" of the high

tolerance limit by pickling off .0013" which would put the low value oI

on the lower tolerance limit. The remaining two sheets could not

be changed since they both have minimum values right on the lower

tolerance limit.

(2) Bend Transition

One sheet bar originally scheduled for

.060", which cracked on initial rolling, was reapplied to .020".

Another piece originally scheduled for .040" which cracked during

the second rolling operation was also rolled to .020". Since the

gauge at which intermediate recrystallization anneal differs for

each final sheet gauge, the final .020" sheets were rolled by dif-

ferent practices. The five sheets rolled to .020" and the rolling

practice used for each are outlined in Table XLIV.

TABLE XLIV

ROLLING SCHEDULES FOR .020" SHEET

Stress Stress
Sheet Number Recrystallization Relieve #1 Relieve #2

1147-1 .280" .120" .060"
147-2A* .280" .120" --

1147-2B* .280" .120" --

1148-1** 1.00" + .275" .120" .060"
1168-2*** .600" .300" .060"

*Original .020" Practice

**Originally Scheduled for .060"
***Origirially Scheduled for .040"

The bend transition data for these

1 - sheets are listed in Table XLV.
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TABLE XLV 4

* 4T - .020" BEND TRANSITION TEMPERATURE (OF)

Sheet Number

Position 1147-1 1147-2A 1147-2B 1148-1 1168-2

Longitudinal Left 275 125 250 250 150
Longitudinal Right 250 200 250 300 250
Transverse Left 350 250 300 350 125
Transverse Right 325 225 250 325 175

The first sheet (1147-1) as shown in

Table XLIV was rolled to the original .020" schedule except for an

additional stress relief at .060" gauge. In comparing this sheet

with the two rolled by the original process (1147-2A and 1147-2B),

it is shown that the .060" stress relief was detrimental to the

bend transition properties. The fourth sheet (1148-1) was rolled

* by a practice similar to the first sheet and the bend transition

properties are shown to be similarly poor. Sheet 1168-2 which was

originally scheduled for .040" shows by far the best bend transition.

The total reduction from the recrystallization anneal on this sheet 4a

was 97%. In the scale-up to 24" x 24" sheet, it was shown that

this reduction was excessive, resulting in laminated sheet, however,

the additional stress relief at .060" was not previously investi-

gated and this apparently permits higher total reduction without
laminating. It is shown that the additional stress relief is

advantageous only if the total amount of work from the recrystal-

lization anneal is increased since it was shown to be detrimental

when applied to the original process, limited to 93% total reduction.

The lowest bend transition recorded was 125 0F as compared to 225F

which was the lowest value previously established for .020" sheet.

(3) Tensile Properties

The parameters for tensile testing were

as follows:
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Specimen 3/4" gauge length and 3/16" width

Strain Rates

9000F and Below
.005"/in/min to .6% Yield

.05"/ini/min to Fracture

Above 900OF
.05"/in/rain

Testing procedures and test temperature

ranges investigated were the same for .020" sheet as that used for

.040 0. In attempts to determine the tensile transition temperature,

the same problem of premature failure of the test specimen that was

experienced on .040" testing occurred on the .020" tests. The
lowest temperature tests which were satisfactory are summarized
in Table XLVI. No attempt will be made to analyze this data due

to the testing problem.

Table XLVI summarized the 900OF tensile

properties. Using MAP184-M as a guide for desired maximum limits

on variation in test results, the following criteria were used in

evaluating the five .020" sheets. Room temperature variation of

all test specimens (9000F tests for tungsten).

UTS - ±7% About the Mean

.2/o YS - ±10% About the Mean

The actual variations on these sheets

are as follows:

Mean Variation
3

UTS x 10 110.5 ±7.35%
.2% YS x 10 100.0 ±9.50%

With the exception of two values on

Sheet 1148-1, the variation would have been greatly improved.
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TABLE XLVI

TENSILE TRANSITION DATA AND 900OF TENSILE DATA (.020" SHEET)

Test UTS 2% S
Sheet Position Temperature x 103 x 10 Elongation

1147-1 LL 350OF 163.2 145.6 7.6%
1147-2B LL 300OF 151.2 141.5 10.7%
1168-2 LR 350OF 135.9 119.3 4.0%
1168-2 LR 325 0F 140.7 120.4 3.1%
1168-2 TR 350OF 164.8 150.9 2.3%
1168-2 TL 300OF 179.2 158.7 5.5%
1147-2A TL 300OF 161.5 148.7 6.5%

1147-1 TL 900OF 111.0 96.2 4.2%
TL 900*F 111.1 98.0 3.1%
TR 900OF 113.0 96.3 5.3%
TR 900OF 110.9 96.1 4.1%

LL 900OF 102.3 96.3 5.9%
LL 900OF 105.2 93.4 3.9%
LR 900OF 104.7 98.9 5.1%

LR 900OF 103.3 96.8 4.8%

1147-2A TL 900OF 104.8 93.7 3.3%
TL 900OF 106.4 97.4 2.4%
TR 900OF 107.6 98.3 3.2%
TR 900OF 105.4 91.8 2.9%

LL 900OF 104.7 91.9 3.6%
LL 900OF 105.9 92.4 3.6%
LR 900OF 103.9 90.5 3.1%
LR 900OF - -

1147-2B TL 900F 110.5 104.5 8.4%
TL 900F 108.9 105.7 3.1%
TR 900OF 110.4 105.7 3.9%
TR 900oF - -

LL 900OF 103.7 96.0 6.0% [.

1148-1 TL 900OF 107.9 94.3 5.4%
TL 900F 111.5 95.1 3.6%
TR 900OF 117.3 106.8 4.6%
TR 900OF 118.6 109.5 5.2%

1168-2 TL 900OF 106.9 97.4 3.8%
TR 900OF 104.3 96.8 4.2%
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Tensile properties at 2000OF were deter-VV
mined only in the transverse direction. The results are contained

in Table XLVII. The MAB recommended maximum variations are as

UTS - -10% About the Mean

.2% YS - ±15% About the Mean

The actual variations on the 20000F

test data were as follows:

Mean Variation
3UTS x 10 3  78.7 5.212% YS x 03 68.3 11.42

As shown, the actual variations are

much lower than the above desired limits. The specimens for sheet

1148-1 were all broken during sample preparation.

Investigations on 3000OF tensile prop-

erties were limited to the transverse direction, but due to recrys-

stallization, directionality is essentially eliminated. The results

of the 30000F tests are contained in Table XLVII. As shown, a con-

siderable strength decrease has occurred from the previous 2000OF

tests and this is the result of the aforementioned recrystallization

which occurs at the test temperature. Again, test data was not

acquired on 1148-1 due to breakage during preparation.

E. Scale-Up to 36" x 96" Sheet Fr.rm 8" Diameter
Extrusion Billet

1. Sheet Bar Application

A total of nine 8" diameter conditioned ingots

were direct extruded to sheet bar for application to the final pilot

production of 36" x 96" sheet product. The difficulties experienced

from the scale-up from 6" to 8" diameter extrusion billet resulting

in severe surface defects in the as-extruded sheet bar caused con-
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TABLE XLVII

2000OF A-D 3000OF TENSILE PROPERTIES (.020" SHEET)

2000OF N

Sheet Position UTS x 103 . Y6 x 10 % Elongation

1147-1 Transverse Right 78.9 67.3 5.2
Transverse Right 74.6 63.9 3.5
Transverse Left 75.3 60.5 3.6
Transverse Left 80.2 64.7 4.3

1147-2A Transverse Right 81.5 74.8 3.1
Transverse Right 81.9 71.6 3.2
Transverse Left 80.9 73.0 4.0
Transverse Left 82.8 76.2 3.3

1147-2B Transverse Right 79.6 72.1 4,4
Transverse Right 80.6 73.9 3.7Transverse Left 79.2 68.7 3.3N

Transverse Left 78.8 69.0 3.1

1169-2 Transverse Right 78.7 62.7 3.6
Transverse Right 79.2 65.3 3.5
Transverse Left 80.2 70.5 3.3 A
Transverse Left 80.2 69.1 3.5

30O F

1147-1 Transverse Right 14.5 7.0 66.7
lu Transverse Right 15.5 3.7 53.5

Transverse Left 12.7 5.4 56.9
Transverse Left 13.9 2 5 42.8

1147-2A Transverse Right 15.3 7.4 48.5
Transverse Right 13.6 6.2 40.2
Transverse Left 13.1 5.7 34.5 .
Transverse Left 12.8 5.6 49.7 >4

1147-2B Transverse Right 15.0 6.8 42.3
Transverse Right 15.0 6.9 43.1
Transverse Left 16.3 6.9 56.5
Transverse Left 15.1 6.2 40.0

1168-2 Transverse Right 13.5 7.3 26.3
Transverse Right 16.4 6.2 26.8
Transverse Left 14.3 5.0 30.9
Transverse Left 11.0 5.3 27.1

-211- -:

S4



I"~ siderable difficulty in applying the sheet bar sections to a final

sheet rolling schedule. In order to acquire as much material as

possible for application to the final sheet sizes, severe conditioning

by hand grinding was necessary on all of the as-extruded sheet bars.

The as-conditioned extrusions were irregular in shape after grinding

which limited the effectiveness of ultrasonic inspection. Also,

intelligent application of the irregular shapes was made extremely

-: difficult. However, the as-conditioned sheet bars were sectioned

into lengths to give the best possibility for a finish sheet product.

_2. Process Schedule for 36" x 96" Sheet

The processing schedules for the three sheet
gauges required in the pilot production phase of the contract are

shon in Table XLVIII. Two principle factors were used in estab-

lishing the schedules:

1. The amount of reduction from recrystallization

, and intermediate stress relief down to final

gauge.

2. The ratio of cross rolling after the recrys-
~tallization anneal.

The desired percent reduction after the above

two anneals was 93% to 82% respectively and the cross rolling ratio

was 1:1. These conditions could not be met exactly because of the

thick sheet bar cross section and the actual conditions are shown

in Table XLVIII.

3. Pilot Production Rolling of 36" x 96" Sheet

' The larger size sheet bar produced for the pilot

production requirements of the contract required considerable

modification to the pi ' rolling operation. Initially to pro- t
,uce a .060" x 36" x 96" sheet weighing 145 pounds, a starting sheet

-212-
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bar size was required with a nominal weight of 270 pounds. This
required a sheet bar with a physical dimension of approximately

2" x 6" x 32". The sheet bar extrusion from Heat KD1231 was sec-

tioned into two pieces and piece I was applied for initial rolling

investigation. After heating to 23000F, it was rolled one pass 31"

wide. However, with this width the reduction was approximately

half of the desired .2". After reheating the second pass was made

again attempting to take .2" reduction but only .125" was achieved.

Due to the limited reduction on the second pass, the entire sheet

bar alligatored (cracked in the longitudinal plane over the entire

length and width). The cracking problem could also be partially

attributed to the low reduction ratio on the extrusion (3.35:1)

which resulted in an extremely coarse grain structure and limited

degree of work in the center.

The second section of sheet bar KD1231 had a

longitudinal crack approximately 2" from one edge, which required

cutting the bar width from 6" down to 4". This second sheet bar

then had dimensions of 2-1/8" x 4" x 24-3/8" which was borderline

S for producing a full size .040" thick sheet. As previously mentioned,

the problems associated with the first sheet bar appeared to relate

to the limiting mill capacity and the extrusion practice which re-

sulted in coarser grain structure than desired. The maximum reduc-
i? tion per pass that can be achieved on a given mill facility is

directly proportional to the rolling width of the sheet bar, which,

in the case of the first bar, was 31". Although the second sheet

3 bar was narrower in width, at 24-3/8", and considered within the

existing mill capacity (based upon the successful rolling of 2"

thick by 20" wide sheet bar in previous investigations), it was

decided to modify the rolling practice in order to gain information

to apply to future rolling of the required 31" widths.
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The second bar was therefore rolled in the same

direction as it had been extruded. For example, in the 4" rolling
- width, which permitted accomplishing the desired reductions per

pass. In two passes, the sheet bar was reduced from 2-1/8" thick

to a nominal 1-1/4" thick with no evidence of cracking. At this

point, it was recrystallized by annealing one hour at 28000F. For

the second rolling operation, the piece was rolled 38" wide to a

nominal .6" thick. On the first pass, a very slight alligator type

crack occurred on the leading edge and the piece was reversed for

subsequent passes, which put the cracked leading edge on the trailing

edge. No additional cracking was observed during the rolling

operation; however, ultrasonic examination at .6" thick showed that

limited cracking was present, extending in from both the leading

and trailing edges. The available mill capacity was again the

limiting factor, in that this type of cracking is generally associ-

ated with low reductions per pass.

The remaining eight sheet bars in which the extru-
sion ratio had been increased to 4.25:1 were applied for rolling

according to the schedule given in Table XLVIII. The major problem

areas which developed during the final rolling operations can be

r 4 summarized as follows:

1. During initial breakdown of the nominal 2"

thick sheet bar, alligator type cracking still

occurred. This problem was minimized but not

completely eliminated by increasing the reduc-

tion per pass. For example, it was necessary

to crop off an average of 1" from the leading

and trailing ends of .800" gauge as-rolled

sheet for a resultant 13% -oss.

2. At .120" gauge, just prior to final rolling,

the sheets were as large as 30" x 30" and

-215-

/ ,¢,p



required cutting all edges in addition to

complete surface conditioning. Phese opera-

tions frequently resulted in severe cracking

problems.

3. After the final rolling operation, the sheets

normally had edge cracks up to 1" resulting

from the use of the AISI 1095 cover sheets.

in addition, the sheets were usually out of

flat in the as-rolled condition. Subsequent

hot shearing operations to remove the edge

cracks and as-rolled ends frequently resulted

in edge crack propagation due to the combin-

ation of the existing cracks and the stresses

incurred in shearing an out of flat sheet.

4. In attempts to correct the out of flat con-

dition off the rolling mill, roller leveling

was attempted, but the handling problems and

the notch-sensitive effect of the edge tears

in some cases initiated crack propagation

during this operation.

5. Handling of the finish rolled and sheared

I sheet through stress relieving and finish

inspection operations also resulted in an

occasional cracking situation.

Four of the nine original extrusions applied J
were totally scrapped or removed from the rolling schedule due to

various combinations of the problems mentioned above. The remaining

five extrusions were applied and rolled to final sheet. The final

sheet sizes produced throughout the program are given in Appendix V. I
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41" As the above appendix will show, the problems

associated with melting, extrusion and rolling prohibited the

attainment of the contract objectives of a 36" x 96" sheet in any

of the three gauges under investigation.

4. Evaluation of Final Rolled Sheet Product

a. Hardness Uniformity and Response to
Heat Treatment

Samples were taken from all final rolled

sheet product in order to determine hardness uniformity and response

to heat treatment to various annealing temperatures. Photomicro-

graphs were prepared for visual observation and estimation of percent

recrystallization at the various annealing temperatures studied.

The samples were annealed at 20000, 21000, 22000, and 2300OF for

one hour at temperature. Table XLIX gives the hardness values and

estimated percent recrystallization at the various annealing tem-

peratures and Figure 85 shows a plot of average hardness for each

gauge versus response to heat treatment.

From Table XLIX and Figure 85, it can be seen

that complete recrystallization was not obtained at the highest

annealing temperature investigated. From the slope of the average

hardness curve, it is estimated that the 100% recrystallization
• would be obtained on the .040"1 and .060" gauge sheet at approximately

24000F. For the .020" gauge material, the 100% recrystallization

temperature would be between 23000 and 23500F. The average hardness

curves also indicate that the .040" and .060" gauge material are

similar in their response to heat treatment while the .020" gauge

material exhibits a recrystallization rate of approximately 100OF j
lower than the other two gauges. This is relatively consistent

with the data established in earlier phases of this report. The

hardness variation from sheet to sheet, as given in the table and
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based on the sarie gauc i, is relatively uniform considering that

processing changes were necessary, in some cases, in order to
acquire maximum size finished sheet.

b. Bend Transition Temperature

Bend transition temperatures were determined

on the product of each sheet bar applied to the three final rolled
gauges, In order to demonstrate uniformity within each given sheet,
opposite end samples were taken from sheet produced from the original

sheet bar even though, in some cases, due to cracking or breakage

in handling, more than one sheet was represented. The bend transition

data from the pilot sheet product is given in Table L.

The bend transition temperatures were deter-
mined as previously described using a 4T bend radius. However,

following more recent recommendations by MAB, the ram speed was

changed from 8" per second to I" per second. The lowest bend

transition temperature was 150OF recorded on .060" gauge material

in the longitudinal or final roll direction. Although the trans-

verse bend transition temperatures varied from 2750 to 4250F, at no

time was the bend transition higher than 4250F in dny gauge tested.

The average bend transition for all gauges of sheet when comparing

opposite ends shows fairly good uniformity. Average longitudinal L
bend transition showed a spread of 10OF and the transverse bend

transition showed a spread of 20OF ip comparing opposite end sam-

ples. However, there was considerable scattering of transition

data within the same gauge application and utilizing the same proces-

sing schedules. This scatterin; of test data could be due to a

number of causes, most probable of which are minor rolling and

annealing variations, and sample preparation methods.
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TABLE LI

BEND TRANSITION TEMPERATURE OF PILOT SHEET PRODUCT

Bend
Pend Transition Temperature

sheet Transition Temperature (opposite End of Sheet)

Number Gauge Longitudinal Transverse Lonitdia Transverse

KD1287-2 .060 175 275 225 425

KD1288-1 .060 200 350 275 375

KD1288-2 .060 150 375- -

KD1289-3 .060 200 425 225 425

XD1290-1 .060 250 325 275 325

Average .060 195 350 250 362

KD1289-4 .040 250 375 225 300

KD1291-1 .040 225 325 275 300M

KD1293-2 .040 300 300 225 350
KD1291- .040 325 325 225 400]Average .040 225 4250 23035

VV

KD1289-5 .020 250 325 275 300

KD1291-6 .020 250 325 250 400

Average .020 250 325 262 350

Average of
All Gauges 233 344 243 364

Range of All Gauges 150/325 275/425 200/275 300/425
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c. Tensile Properties

Tensile properties were determined at 900OF

on the final gauge of each sheet bar applied. The results are of
given in Table LI. Also given in the table is a short summary of
cation and process changes were necessary due to breakage during

rolling and handling. Tensile specimens were prepared according

to the configuration given in Figure 47 using EDM methods. No

particular problems were noted in the machining of the tensile

blanks. The edges of all specimens were deburred and finish ground

to the specimen tolerances required.

Direct correlation could not be made when
comparing results from the various gauges with the processing history

of the various sheets. The longitudinal tensile strength varied

from 89,700 psi to 119,500 psi. The transverse tensile results
varied from 92,200 psi to 128,000 psi. The .2%6 yield strength,

as would be expected, varied directly with the ultimate tensile

results. Percent elongation measurements on a few of the sheets

were considerably below the average. This variation could not be

ascribed to processing history and must be considered due to sample

preparation or misalignment in the test rig. Very little variation

was noted in the percent elongation values for the longitudinal

versus the transverse tensiles. The average percent elongation of

both longitudinal and transverse samples, excluding the low values

was approximately 8%. These values are consistent with the values V
found in the data developed in the scale-up portions of the contract. L

d. Final Inspection

All finish sheet produced from the pilot

production run were final inspected for average gauge variation,

finish sheet size, flatness, surface finish, and disposition. The
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reconmended allowable gauge telerances as given by MAB were to

conform to one-half of AMS 2242. From these recommendations, the

allowable tolerance in .060". sheet was ±.003, on .040' sheet ±.0025,

and on .020" sheet ±.0015. The MAB recommendation for flatness

is maximum 4% out of flat. Table LII gives the gauge variation and

flatness determinations on all finish rolled sheet. From Table LII,

six out of 21 sheets were either rolled under-gauge or sections of

the sheet were under-gauge according to the MAB tolerance limits.

In addition, three of the 21 sheets were out of gauge tolerance.

For example, the Oeviation from gauge over the sheet is greater

than the plus or minus percent tolerance. A total of 11 sheets out

of the 21 were over-gauge but within the tolerance limits which

mearns that they could be brought into gauge by a pickling operation.

The problems associated with proper gauge

control were caused by 1) the necessity for rolling in a pack to

acquire finish gauge, 2) difficulty in determining the exact gauge

due to oxide build-up on the sheet, and 3) the necessity for inter-

mediate conditioning of the sheet surface prior to the final rolling
ojpeL -ation.

Flatness determination indicated that five

out of the 21 sheets were above the 4% maximum out of flat tolerance

recommended by MAB. Examination of the finish sheet sizes in the

table indicate that th! out of flat condition, in general, varies

with the increased width of the sheet. The wider and larger the

sheet dimensions, the greater is the measured out of flat condition.

Four of the 21 sheets exhibited a poor surface condition due to the

excessive conditioning operations necessary prior to rolling.

The overall results of the final inspection

inoicated that only two sheets met the specifications as outlined,

with eleven additional sheets be'ing able to meet specification
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TABLE LIX

FINIAL INSPECT1ION OF FINISHED SHEET FROH PILOT PRODUC~TION RUN

Heat Applied Average Gauge~ Out-of;Flat Surface ioetn
Mubr Gquqo Gamea Variation Finis Size____ (AM__ 224)________oniio

XD1287-2 .060" .0564" -. 06 .0564" . 7- . 23-1/2- 0 Good Under-Gauge
-.0014"

+.0028"
.0" -.0017" .0582" x 121 x 48'1 1.2 Good Under-Gauge

+I.0019"
.08" .02" .0586- . 9-1/4" x 18-3/8" 2.0 Good Under-Gauge

+.0012"Under-GaugeMD1203l1 .060" .0523'" 0013" .0523" x 25-1/2" x 50-3/4" 4.4 Good Ou ofFa

+.0015"fX- D1288-2 .060" .0585" 01" .0585" x 7-1/2" x 13-3/8" 1.3 Good Ox

*.0015"
KD1289-3 .060", .0595" -02" .0595" x17-1/41- x 17-3/4- 6.5 Good Out of Flat

.0572" .0572" x 9-11/16" x 23-5/8"' 1.5 Good Under-G. Ige

+.0014"
.0576" -.0026" .0576" x 10" x 22-1/8" 1.5 Good Under-Gauge

-.002" OX With Pickcling

KD29- .60 06'.03"x211/"x 81/" . Go Over-Gauge

.0628" +02" .0628" x 21-3/8" x 16-1/8" 1.6 Good Oe-ag-.0018" OX With Picklinq

X118- 00 03" +.0013 .47 4 7-41Go Over-Cauge
1G~18"4 .00 .43" -.0017" .47 4 ~7"41Go OK With Pickling

7 ll_;+.0025" OvrGagKD)1291-1 .040" .0425" -02" .0425" x 12-1/4" x 23-3/8" 2.2 Good Oe-ag
.0025"OX With Pickling

+ .0019"
.0421" -.0041" .0421" x 17-1/2" x 24" 1.5 Good Out of Gauge ToleranceIKD1291-2 .040" .0415' .002"1 .0415" x 18-1/2"' x 21" .5 Good Over-Gauge

-. 002"OX With Pickling
.0417" ::03 .0417" x 24" x30" 2.0 Good OX Wr-Gauge in

K19 3 .040" .0412" + .0018" Out of Gauge Tolerance

~0~129-3 ' -0042" .0412" , 19-1/4" x 21-1/4" 4.1 Good Oto lt~
+.002uto Fai~1.0401" -.0021 .0401" x 19-5/8" x 23-1/?" 3.6 Good Ox

KD1291-4 .040' .043" .05 .043' x 10" x 35"* 3.5 Good XWt3P-ln

+.0019"
.0431' -. 16 .0431" x 1' -1/2" x 23" 1.8 Poor Over-Gauge

9' 1 4 .0012"
.0443' -. 03 .0448" x 16' x 20" .6 Poor Over-Gauq-

.0013
.044" .001' .044" x 10-1/2" x 15-1/2" .5 Gove-Gug-. 0011,OX With Pickling

iYD128q-S .020 .0209' +.0016" -- 3. 3 Gooo Out of Gauge Tolerance-. 0044"

-D 16 .20, .29 .0014" .0229" x 14-1/4' x< 37-1/4" 2.8 Poor Over-Gauge

+.0029" Out of Gauge ilprance
.0206" -.0036" .0206' x 1f," xt 20" Poor Out of Fiat
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following a gauge removal pickle. Due to the inability to attain

the contract objectives on sheet size, a gauge removal pickle oper-

ation was not initiated since additional handling would be involved.

~i

>41
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V. Summary

A. Ingot Melting

From recommendations made by the state-of-the-art

survey, pure unalloyed arc-cast tungsten was chosen as the candidate

material for the sheet rolling program. In order to acquire the

highest and most consistent purity levels in tungsten ingot, tung-

sten powder produced from the hydrogen reduction of ammonia para-

tungstate was used as the raw material source. One powder lot was

utilized throughout the entire program to insure reproducibility

of results. In order to control oxygen content of the electrode

and to insure maximum consolidation by isostatic compaction and

hydrogen sintering, a tungsten powder lot with a particle size range

to give a 3.35 micron average and a bulk density of 68.6 grams per

cubic inch was selected. The raw material, in the form of pressed

and sintered electrode bar, was purchased to Universal-Cyclops

Specification WEB 61-3-A given in Appendix II of this report.

Due to problems in handling the electrode bar in

the green state, the suppliers held the length to diameter ratio

I of the bar at 16:1 maximum. All electrode bars were supplied to

a minimum density requirement of 90% of theoretical. Machine

threaded joints were used for connecting the electrode segments

utilizing powder metallurgy tungsten bar stock as nipple connectors.

Optimum electrode diameter to mold diameter ratios

to acquire the highest yield ingot to conditioned billet was deter-

mined to be in the range of .450 to .50. Overall inqot purity was

excellent with carbon and oxygen giving the greatest variation in

the analysis. Average oxygen analysis was 11 ppm; average carbon

analysis was approximately 28 ppm.

In order to scale-up for melting of larger diameter

ingots (i.c. 6" diameter, 8" diameter, and 9 ."> diameter) modifi-

- 227 -

94



cations were necessary to the arc melting furnace in the form of

additional power input and modification of the cooling system to

give increased cooling effect. The increased electrode weight

necessary to scale-up to the larger diameter ingots resulted in a

notch-sensitive effect in the thread section of the electrode

causing cracks during the melting operation. This situation was

virtually eliminated by incorporating a slight radius on the thread
root section. Localized sidewall porosity was evident on all ingot

diameters with the worst condition being present on the largest

diameter ingot (9-1/2" diameter) which resulted in poor yields and
excessive conditioning. The problem was ascribed to erratic melt

conditions caused by 1) electrode camber and alignment in the furnace,

2) variations in electrode density and resultant current flow through

the electrode, and 3) limitations in total available power for the

melting operation. Cracks developed in two of the eleven 9-1/2"

diameter ingots melted for the pilot production phase of the pro-
gram. These cracks propagated throughout the length of the ingot

I and apparently proceeded upward from the pad. It was determined

that the cracks propagated either during ingot solidification or

from thermal expansion and contraction during annealing.

B. Ingot Breakdown

Primary working of the conditioned arc-cast ingot
Iwas evaluated using both direct forging and extrusion techniques.,

Direct forging attempts resulted in peripheral cracks on both upset

forged and radial forged billet sections. The forging evaluation

indicated that successful forging could be accomplished by utilizing

a small initial reduction (20%) with an intermediate recrystallization

anneal between forging operations.

Since cc -iderably more experience has been developed

in industry on extrusion techniques for primary breakdown of tungsten

ingot rather than direct forging, it was concluded that extrusion
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offered the greatest potential towards meeting the breakdown objec-

tive. A total of six nominal 3" diameter conditioned ingots were

applied for the initial extrusion evaluation. Three of the billets

were extruded to 1.5" diameter and the remaining three were extruded

to a .6" thick x 2" wide sheet bar configuration. The reduction 3

ratio used for the rounds were 4.5:1 and for the sheet bar configura-

tion 6.6:1. Higher temperatures were used for the sheet bar extru-

sion due to the higher reduction ratio. All billets were extruded

successfully, with the rounds indicating a maximum yield at 4.5:1

reduction at a 3000OF furnace temperature, and the sheet bar con-

figuration with a 6.6:1 reduction ratio at a 3150OF furnace temper-

ature. Slight surface tears were evident on all the extrusions

but no correlation could be made with surface condition versus extru-

sion temperature. Press forging evaluation of the extruded rounds

were made in order to correlate the results with that of the direct

extruded sheet bar configuration.

The as-extruded rounds were press forged to a 3/4"

x 2" sheet bar from a 2300OF furnace temperature which resulted in

a forging temperature in the range of 19250 to 19750F. The press

forging operation resultcd in slight edge cracking on all three

forgings The yield from conditioned extrusion to condition forging-

resulted in an approximate 20% loss of material.

Two additional 1-1/2" diameter round extrusions were

prepared for InFab forging studies. These extrusions were threaded

on one end to facilitate holding during impact forging. Initial

heating temperatures in the range of 4000OF were utilized but rapid

heat loss was experienced due to the small mass and the high thermal

conductivity. The forgings had an irregular cross section which n

' s attributed to excessive reductions per impact. The two extru-

sions were successfully reduced to 1/2" thick sheet bars for further
• q

rolling studies.
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The scale-up of extrusion from 31' diameter to 4"
diameter conditioned billet using initial extrusion parameters

established resulted in severe longitudinal cracks in the extrusion.

It was determined that the cracks were caused by the increased

transfer time from furnace to press and the furnace temperature was

increased from 30500 to 3500OF before sound extrusions could be

produced. At this temperature, one of the 4" diameter conditioned

billets were extruded directly to sheet bar with no apparent prob-

lems. Slight surface tearing was evident on all extruded bars.

Press forging of the round extrusions to sheet bar configuration

was again accomplished successfully with a resultant yield loss of

approximately 80.

However, since direct extrusion to sheet bar was r
accomplished satisfactorily, the increased yield and the elimination

of the forging step prompted extrusion of 8" diameter conditioned

billet to be direct extruded to sheet bar. In the scale-up for

extrusion from 8" diameter conditioned ingot, the extrusion ratio

was dropped to 3.35:1 due to the marginal capacity of the available

extrusion press. The 8" diameter ingot was extruded to a 2-1/2" x

6" sheet bar configuration. The resultant extrusion exhibited

severe surface tears and ultrasonic examination revealed a crack

running longitudinally along the extrusion for a distance of I772
approximately 12" x 1/2" in depth. The crack and surface tears

A iwere attributed to the lower reduction ratio. The reduction ratio

was increased to 4.25:1 and furnace temperature was increased to

compensate for the increased extrusion pressure. Severe surface
% tears still persisted in the extruded sheet bars and subseque*it i

extrusions made with decreasing furnace temperature relieved the

surface problem somewhat but did not eliminate it. The severe sur-

face tears present in the sheet bars for the final pilot production [
run resulted in very heavy conditioning losses, with the resultant *

I problem that application to the rolling operation was very difficult.
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C. Sheet Rolling

Three direct extruded sheet bars and three press forged

sheet bars from 3" diameter conditioned ingots prepared in the initial

breakdown investigation were used for the initial rolling investi-

gations. These six sheet bars were cut into two mults resulting in III

twelve pieces for rolling. Conditioning to remove cracks was

necessary on the six press forged sections and grinding of these

sections resulted in heat checks which were detrimental in the

initial rolling operation. Three initial rolling temperatures of

23000, 2500t, and 2700OF were used for breakdown rolling. Final

rolling temperatures were 21000 and 19000F. Four different reduc-

tions from the last recrystallization anneal were used. All

pieces were to finish at a nominal .040" thick giving a total of
48 processing variables. in the initial rolling from sheet bar,

no noticeable differences were observed due to the different rolling

& temperatures utilized. However, sandblasting after initial rolling I
revealed an erosion condition on the surface of the sheet which i
was progressively worse with the increase in rolling temperature.
The as-rolled, press forged pieces exhibited severe crack propagation

due to the heat checks present in the conditioned sheet bars. However,

the as-rolled sections were conditioned to sound material and the 7

initial rolling investigation continued in order to determine rolling

parameters and generate mechanical property data. The intermediate 4

rolling operations were accomplished at a 2300OF rolling temperature.

The final rolling operations were accomplished using stainless steel

cover plates in order to allow grealer reduction per pass, to minimize

heat loss, and to allow more efficient attainment of the final .340"
gauge desired. o

The final rolled sheet exhibited cracking tendencies .. ,9'"

due to both misalignment of the cover sheet material during rolling

and handling of the material after the rolling operation. Laminations
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were detected on the final rolled sheet along the extreme edges
and ends of several of the sheets. However, no correlation could

be made with the rolling practice. After shearing samples for

mechanical and physical property determinations, delaminations were

discovered on most of the sheared edges which extended from the

sheared edge in to about .200" in depth.

From the bend transition and tensile data developed
on the initial rolled sheet product, initial rolling temperature [

of 2300F, final reduction from recrystallization of 92% to 95%,

and a final stress relief anneal of 1800OF were optimum for the

variables investigated.

InFab rolling of the two sheet bars produced in the

initial breakdown investigation was accomplished at initial rolling

temperatures of 30000 and 24000 F, respectively. Except for a

coarser grain structure, due to the higher rolling temperature,

the properties of the InFab rolled material were very similar to

those of the conventionally rolled material. Surface condition Li
of the InFab rolled material was excellent which reflected the

purity and improved surface condition, 
bonding of the stainless

steel cover plates to the tungsten sheet was experienced.

Six additional press forged sheet bars were applied

for rolling to further refine the rolling parameters. The three

major variables investigated in this series were cross rolling,

final rolling temperature, and intermediate stress relief annealing.

Based on minimum bend transition values and maximum tensile elonga-

tion on .040" sheet for initial rolling evaluation, the following

optimum processing variables were established.

1. Initial rolling temperature- 2300OF furnace 1, o.

temperature. 
232
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2. Recrystallization anneal at 25000 to 27000F.

3. Intermediate rolling at 2300 OF furnace temperature.

4. Intermediate stress relief one hour at 20000F.

5. Final roll at 12500 to 15500F.

6. Final stress relief - one hour at 1700OF

7. Reduction after last recrystallization anneal -

92% to 94%.

8. Reduction after stress relief anneal - 80% to 85%.

9. Cross rolling ratio 1:1, from last recrystallization

anneal.

In attempts to scale-up to the 36" x 96" sheet require-

ments at gauges of .020", .040", and .060", problems were experienced r [

in all phases of the processing sequence. A sheet size of .060" x

36" x 96" required a starting sheet bar size of 2" x 6" x approxi- ,

mately 32" long. This combination of thickness and length prevented

the attainment of the initial percentage reductions required in the

breakdown rolling operation. Due to the smaller percentage reduction,

propagation of alligator type cracks were experienced (longitudinal

cracking through the center of the sheet bar) and were directly

related to the limiting mill capacity at this width and thickness.

In order to acquire increased reduction on initial rolling of this

sheet bar, the rolling direction was changed te the 6" width x 32"

length. This resulted in increased reductions but lead edge and

tail edge cracks persisted to develop causing an average 13% yield

loss on all originally applied sheet bar.

Additional problems were experienced prior to the

final rolling operation. Sheet sizes were as large as 30" x 30"

and required cutting all edges and complete surface conditioning.

These operations resulted in frequent cracking problems due to
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handling and processing of this size and weight. After the final

rolling operation, the sheets normally had edge cracks up to 1"

resulting from stresses incurred from misalignment and slipping of

the cover sheet material. In addition, the sheets were out of flat

in the as-rolled condition. Hot shearing operations to remove the

edge cracks and as-rolled ends frequently resulted in edge crack

propagation due to the combination of the notch sensitive effect

of existing cracks ana the stresses incurred in shearing out of

flat sheet. Attempts to flatten the sheet by roller leveling were

made but some cracking was also experienced in this operation due

to the notch sensitive effect of the edge tears and the necessity

for handling the sheet in this condition. The necessity for hand-

ling the finish rolled and sheared sheets through stress relieving

and finish inspection operations also resulted in occasional cracking

situations. X-

D. General Observations

The problems associated with melting, extruding, and

rolling with respect to surface tears, cracking, edge tears on _

sheet and overall handling prohibited the attairnment of the contract U

objectives of 36" x 96" sheet in any of the three gaugk.s 'inder

investigation. Mechanical properties of the finished production

sheet were consistent with those values obtained from the initial

rolling investigation. Recrystallization temperature for .020"

gauge sheet was determined to be at 2300°F for 100% recrystallization

and 2400OF for 100% recrystallization of the .040" and .060" gauge

sheets. Bend transition temperatures range from 1500 to 325°F on

the longitudinal samples and 2000 to 425*F on transverse samples.

Ultimate tens 'P strength ranged from 90,000 psi to 120,000 psi in

the longitudinal direction and 92,000 psi to 129,000 psi in the

transverse direction. The 0.2% offset yield strength values ranged

from 80,000 psi to 114,000 psi in the longitudinal direction andoJ ,
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VI. Conclusions

1. Satisfactory tungsten ingots can be melted with con-

sistent quality in small diameters up to 6" round.

2. Large diameter ingots (up to 9-1/2" round) can be

melted providing adequate power and cooling capacity

is available. However, erratic melting conditions

resulted in poor sidewall and subsequent increased

yield loss.

3. Occasional cracking of the 9-1/2" round ingot was

experienced after a stress relief heat treatment due

to thermal expansion and contraction.

4. Direct forging to sheet bars is not practical fue to

peripheral crack propagation.

5. Satisfactory extrusion of sheet bars and rounds from

conditioned billet diameters up to 6" can be accom-

plished at extrusion ratios of 4.5:1 and 30000 to

3500 0F furnace temperatures.

6. Press forging of extruded rt :..ds to sheet bars can

readily be accomplished but is not practical due to

yield loss on conditioning and the addition of a

processing step.

7. Extrusion of 8" diameter conditioned ingot to 2" x 6"

sheet bar can be accomplished but surface tears in

the el4rusion could not be eliminated at the extru-

sion temperatures and ratios investigated.

8. The combination of minimum bend transition temperatures

and maximum tensile properties were realized using

rolling sequences as follows:

a. Initial rolling temperature - 23000F.
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b. Recrystallization anneal - one hour at 25000 to

2700 0 F.

c. Intermediate rolling temperature - 23000 F.

d. Stress relieve one hour at 20000F.

e. Final rolling temperature - 14000 F. j

f. Reduction after recrystallization 92% to 94%.

g. Reduction after stress relief anneal - 80% to 85%.

h. Cross rolling ratio - 1:1.

i. Final stress relief temperature - 17000F.

9. InFab forging and rolling of extruded rounds resulted

in identical properties to that of conventionally

rolled material but better surface condition of the

final rolled sheet was realized due to the InFab

atmosphere.

10. The contract objectives of 36" x 96" sheet product

at .020", .040", and .060" gauge were not realized

due to severe problems with surface condition and V
cracking due to processing and handling in all proces- 4
sing sequences investigated.
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VIIo Recommendations

1. To improve melt characteristics and obtain better

sidewall conditions in large diameter tungsten ingot
melting, optimum conditions of purity, density, and

concentricity of electrode material, combined with

improved furnace design with respect to available

power and cooling capacity is considered a necessity.

2. To eliminate surface tears resulting from the extrusion

of large diameter tungsten billet to sheet bar,

additional investigation with respect to grain size
of the original ingot combined with evaluation of

improved lubricating methods is recommended.

3. In order to successfully roll integral, high purity

thin gauge tungsten sheet 36" x 96" the following
Jrecommendations are offered: .:

a. Utilization of an adequate capacity four high

hot rollincr mill to insure maximum force for
initial breakdown reductions and to attain final '7

gauge on single sheets without the use of cover

sheets. 41

b. Incorporate heating and feed facilities to insure

minimum heat loss during rolling.

c. Design facilities so that rolling, shearing, and

7 flattening can be accomplished while heat is

maintained in the sheet.

d. Design adequate handling devices so that support

of -he sheet is present in all necessary cold

processing operations such as lifting, pickling,

conditioninq, h,.it treating, inspecting, and

shipping.
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APPENDIX I

FSUMMARY OF THE STATE-OF-THE-ART ANALYSIS

DEVELOPMENT OF NEW OR IMPROVED TECHNIQUES
FOR THE PRODUCTION OF TUNGSTEN SHEET

by

D. J. Maykuth, V. D. Barth, and H. R. Ogden

29 September 1960 - 29 December 1960

I. Introduction

This survey was conducted by the Battelle Memorial

Institute with the assistance and cooperation of Universal-Cyclops.

The objectives of the survey were to assess the current state-of-

the art in the rolling of tungsten sheet and to recommend the

composition(s) of a tungsten sheet material or materials for

evaluation in the Phase II effort.
In conducting the survey, use was made of a question-

aire and personal interviews as well as an extensive search of the

literature and the Defense Metals Information Center. V

The questionaire used is reproduced and in'-uded in this

summary as Figures I-1 and 1-2. This questionaire was mailed to

approximately 140 organizations known or believed to have had

experience in the production of tungsten or tungsten alloys or in

converting compacts or ingots of these materials to sheet or other

wrought forms,

Wherever possible, the data cited have been referenced i

to the pertinent Government reports or publications in which these

have appeared. The opinions and recommendations given are the

author's interpretation of the total information gathered during

the survey.
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Figure I-I

AMC TUNGSTEN SH-EET ROLJLING PROGRAM
LCCNTRACT AF 33(600)-41719]
STATE -OF -THE -ART SURVEY

I.Your Organizatioi. I1
A. Are you a supplier of raw materials for use in producing tungsten?

Yee NO

A producer of mill shapes? Yee No

A consumer? Yes No

B.Other interest: Research ;Alloy development ;Othor

K"Electron beam melting? Yes No

" Z.Powder metallurgy techniques? Yes No i
Other procedures? Ye s No .If "yes", please state proce-L
dure used:

11. Raw Materials

A. What maximum levels of impurities of major importance are specified

when procuring raw materials for use in the:

Consolidation of Consolidation of
Tungsten by Tungsten by a Powder

B. What alloying and/or "doping" additions, if any, have been investigated?

1. Melting Procedure

., Quantity Added
Element or Compound (or range of addition) How Added

8 A T TELL E M E MOR IA L IN ST IT UT E
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1Contract AF 33(600)-417191

B-2. Powder MetallurgyProcedure .

Quantity Added .

Element or Compound (or range of addition) How Added

C. What are the effects of alloying and "doping"~ additions noted in B (pre-
ceding page) on grain size, fabricability, and/or properties?4

Quantity A(, -
Element (or range of acdit' )ns) ___Effect

D. Are you a supplier of tungsten raw materials? Yes No
'K5

If Yes: Form Size Range (for powder.-) -

Ill. Consolidation.

A. Do you compact powder into shapes? Yes No

7A If an-"'cr is "'yes", what methods are used?

Compacting Resulting Maximum Dimensions
Method Shape of Compacted Shape

B. What powdei particle sizes and shapes are required for optimum
compacting conditions ?

Compacting Average Particle Size Particle
Method Particle Size Range Shape

C. What pressing procedures are used?

Cold-Pressed Lubricant U~sed Die K

Pressure Density (if any) Shape

Additional comments on uniformity of density in cold-pressed shapes:

MAT L ME MOR IA L INS T iT U TE
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[Contract AF 33(600)-41719]

MI. -D. What sintering procedurea are usedF

For Powder Metallurgy

For Electrodes Process

Temperature ________ ___________

Time_______ ________ _

Atmos8phe re ________ ___________

Resulting as-sinte red
density __ _ _ _ __ _ _ __ _ _ _ __ _ _ _

E. What critical chemical reactions, if any, occur on sintering?

F. Where electrodes are produced for subsequent arc melting, how are

A sections joined?

G. What electrode -to -mold size ratios are used in arc melting?

H. What electrode configurations are used?

L. What are the optimum melting conditions according to your experience?

Electrode /mold ratio_________ _________

Ingot size ____________________________

Voltage _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

AC or DC ____________ ______

Ampe rage ____________________________

Furnace atmoaphere ________________________

Pressure above melt

J. Do yo- use any vinusual processes in melting, differing from those com-
monly used in arc -melting prat. tice ? (mold liners, arc initiation, etc.)

B ATT EL LE M E MOR IA L I NS TI T UTE
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youotrc can 333(6 ;;00)41719J

Ill. -K. What is the maximum size of unalloyed tungsten arc-cast ingot which

L. What is your normal yield on conditioned arc-melted ingots?

M. Whtare your electron-beam melting capabilities?

N. What methods are used for inspection of your consolidated product?

Inspection Consolidated Consolidated by

Method From Powder Arc Melting

0. Please discuss any other means of consolidation not listed above, which
you have employed:

IV. Fabrication.

A. Powder Metallurgy.

1. What are the maximum size wrought shapes you have made?

Forging s

Extrusions

Rolled bar __________

Sheet: gage width length

<0. 020" __ ___

0.020" ____4

0. 040" __ ___

0. 060" ,A

>0. 060" ___ ___

SAT T EL L E M E MOR I AL INS T IT UT E
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[Contract AF 33(600)-417'91

IV. -B. Arc-Cast (or Otherwise Melted) Material.K

1. What are the maximum size wrought shapes you have made?

Forgings ____________

Extrusions______________

Rolled bar____________

She:zewidth length

<0. 020" 1,_ ___

0. 020" ____

0.040" ___ ____

0. 060" ___ ___

>0Q 060" ___1____

2. What conditions are used in initial breakdown for the production of
shcet? I1

Method of Preheating Preheating

Mechanical Size of Terxi cra- Ai ~ Lubricant
Working Workpiece ture phcre (if any)

Extrusion ratio (if extrusion is used)

'Pl

3. What reduction schedules are used in forain- and rolling to sheet")

Amount of
Amount of R_ duction Annealing Annealing

Working Preheating Reduction Between Tempera- Atmos-
Operation Temperature Pcr Pass in eals ture phere

4. What is the size and separating force of your rolling mill?

B A TTE LL E M EMO0R IA L IN ST IT UT E
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[Contract AF 33(600)-41719]

IV. -A-2. What conditions are used in initial breakdown for the production of

sheet ?

Method of Preheating Preheating K
Mechanical Size of Tempera- Arrnos- Lubricant

Working WorkEiece ture phere (if any)

Extrusion ratio (if extrusion is used)

3. What reduction schedules are used in forging and rolling to sheet?

Amount of
Amount of Reduction Annealing Annealing

Working Preheating Reduction Between Tempera- Atmos-
Operation Temperature Per Pass Anneals ture phere

4. What is the size and separating force of your rolling mill?

5. Do you use a protective atmosphere or protective coating?

Yes No Composition of atmosphere or coating,

if used:

6. What surface conditioning treatments are used?

Pickling Grinding Other I

Intermediate ________

Final ___

7. What straightening or flattening procedures are used for final sheet?

0 A T T E L L E M E MI 0 R A . 1 N S T I T u T E <
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Figure 1-2

DATA SIMZT FOR TUNGSTEN AND TUNGSTEN-BASE ALLOYS

~; Please include developmental ajloys. For proprietary alloys please corwider listing data
without specifying alioy content.

Company____________________________

Alloy Designation ______________________________

Composition ____________ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

This alloy is experimental ____pilot plant _____commercial.

Method of Consolidation __________________________

Initial Breakdown by _____________________________

Subsequent Fabrication by____________________________

What special procedures or precautions are necessary in fabrication?_________

Properties:L

Recrystallization Temperature (specify amount of work and working temperatureIPR

in piece tested.)

Tensile Properties "

Tensile Data at Strain Rate of ___in/in/min. in ____atmosphere.

Ultimate
Yield Tensile

Te st Strength Strength
Condition Temperature (K ips) (is

70~

Reduction Elastic
Elongation of Area- Modulus Hardness

LA TT E LL E M EMO0R I AL I NS Yi r U T E
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[ Contract AF 33(600)-41719]

IV. -B-5. Do you use a protective atmosphere or protective coating?

Yes__ 1o_1 _ Composition of atmosphere or coating, if

used:

6. What surf,,: -nditionig treatments are used?

Pickling Grinding O_her

bite rmediate

Final

7. What straightening or flattening procedures are used for final sheet?

C. What are the significant variables in fabricating arc-cast vs. powder

compacted shape s?

V. (a) What types of mec hanical testing equipment do you have, and what are their

limitations?
(b) What are your chemical analysis procedures and standards? f

For carbon

For nitrogen - -

For metallcs +- + - -,

8 ~ A T'-7 T - N

- 247 - ,

4 "N<N:



i DATA, S-ET FOR 1UMMUENAND TXUN TEN-BAE ALLOYS

_Creep and/or Stress Rupture Data:-

ansto Tepraue(6pecify typo and testing -conditions):-

Oxidtition Data:

AddAtionil'Commnento:

Please attach repri~nts, if available, or references to published or inhouse reports or
data sheets where these or additional property data on tungsten and tungsten alloys are
available.

A

44
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All tungsten sheet now being made commercially is pre-

pared by powder-metallurgy techniq'.es. In this process, tungsten:

powder with an average particle site in the range of 1 to 10 microns,

is mechanically or isostatically pressed to sheet bar. Resulting

bar densities of about 65% to 75% of theoretical are obtained. The

bars must then be densified to a minimum of about 85% of theoretical

by high-temperature sintering in hydrogen or vacuum. Sintering

also has the desirable effect of purifying the powder, especially

with regard to oxygen. The sintered product is then rolled directly

to sheet, with or without the benefit of high temperature forging

to further improve densification.

Most of the producers' effort with tungsten as a sheet

material has been given to rolling the unalloyed metal. The
maximum size sheet now available from United States producers is
17" wide x 17" long at 0,040" thickness (one producer). This same

producer is currently engaged in a pilot development program, for H
the Bureau of Naval Weapons, which has the ultimate objective of

producing 3500 pounds of 0.060" x 18" x 48" tungsten sheet by

powder-metallurgical techniques.

Aside from unalloyed tungsten, only four tungsten sheet

"alloys" have been produced on a commercial or semi-commercial

basis. These include the 1% and 2/ thoria alloys, available from

several producers, and two doped grades, Types 218 and K-100,

available from two individual producers. Each of these alloys is

being made by powder-metallurgical techniques. Production of the

thoriated grades is appreciably more difficult than for unalloyed

tungsten. At the present time, these as well as the Type 218 grade

are not available as sheet in widths above about 4". The K-100

grade has been rolled to sizes as large as 0.060" x 7" x 27" and

0.065" x 10" x 36".

1 -249-
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At the ,reseht time, equipment limit.ations, rather than
S etchnologica1 liitiOnA, appear to be the major deterrent to

i~~a~ing ~the ate! (widthi) capability of pwe-ealryset

th- need apeas espedially pritical for protective-atmosphere

iuiiac ' pable of heating, large-size sheet bars anI slabs to

thd toe.k at u.e reguired for X) adequate densification, ahd 2)

-PrA64"i, 'for 'bekdw oltling.-

$ ad actoiy techniques have been developed for the ex-

ttru on,-aod fdrging of sintered tungsten and tungsten-alloy billets.

Odi -444,0ctoky recoveries et material in these operations, Sin-

ieseat Xeast as high as those for direct rolling
sh!t bar are' keq ired. Neither extrusion nor forging is being

S dOd to, cinvert massive, round sintered sections to sheet bar.

xpkeriende in the consumable-electrode arc melting of

tu6ngten is being accumulated rapidly. At least seven organizations
have use&this procedure to produ,.e good quality unalloyed tungsten

ingots in diameters of 4" or greater. Unalloyed tungsten ingots

as large as 9" diameter have been made. So far as tungsten alloys
are concerned, production melting capabilities have been demonstrated

for only a few binary tungsten-molybdenum compositions, most notably

the 85W-15Mo alloy which is now being melted by several producers

in ingot diameters up to 12". Electron-beam melting of tungsten

shows equally good promise for preparing tungsten ingots although

present equipment is limited to a maximum tungsten-ingot diameter

of 4".

Aside from two notable exceptions, no successes have

been achieved in direct forging or rolling large-diameter (greater

than 2") arc-cast tungsten or tungsten alloy ingots. In both of

these instances, the key to success appears to lie with the use of

grain-refining additions, and reproducibility of these successes

-250-
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has not yet beent demonstrated. Thus, at the prefient tiineo the

most practical m~eans of bteaking down as-east tungsteno-alloy ingqots

is by extrubion.

Various facilities t; d vrgainizations have successfully

extruded are-melted ingots of Unalloyed tuhgsten and a Va riety ,Of

tungsten-base alloyA. Most 6o# this work has been done on An - V
experimental bais. Mevexktheless, sufficient progress hasben

made with unalloyed tungsten and a few tungsten-molybdpnum alloysi

so that yields of bettek than 50% can be consistently pxpdcted in

extruding these materials to simple rouhda.

di~ing Through the use of &xtfusion, the feasilbility of pro-j
duigtungsten sheet from arc-cast material has been demonstrated.,j

In this development work, sheet in sizes up to 0.040"1 - 6-1/2"1 t

17"1 was obtained from portions of extruded bar after subsequent

forging to sheet bar and rolling at 23000F~. This experience indi-

cates that breakdown roiling of arc-melted sheet bat (atter breaX-1
down by extrusion and forging) can be carried out at appreciably II
lower temperatures than those required for the sintered productj I
(,27000 to 29000F).

The ductile-to-brittle transition temperature of tungsten

has been shown to be sensitive to such variables as grain shape

and size, strain rate, and metal purity. W~hile the tensile transition

temperature of tungsten sheet has not been determined, the ductile-

to-brittle bend transition appears to occur over the same temper-

ature interval found for that of tungsten bars and rods in tension,

i.e. about 3000 to 8500F. in all instances, the lower transition

temperatures observed are for wrought or cold-worked material.

Afair amount of information has been generated %concerning

the effects of impurities on the properties of tungsten. Unfor-

tunately, much of this remains qualitative in nature due to the
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A na0it0o1ie~t a~tVX!?ica. Aniques to ac-6f'Perately

me~s~e m~u~tyl ens i t~gsti~at levels bel&o about 10 ppm. iI
~evthe#6)s it i-boO, phdwi that Vatiati-_ ]i in the interstitialV

4?'Ot -0 of gte#, in -the range of 1- to 2~ tffi, Are appatently-

iia d iW dete~fiing the dere of w-temp#tU,- ductility

in Ah#P'tjn,- 4.1 at te e atqres around the 'ductild-,to-brittle 1
- ra0tk~ ~he',vrationis in ttade mtallic impurities ate

supectd.simlarinteristitial, irxiurities, in the ranget nor- 1
AW S#tekbd j~but ippAt to have little effect on the

iecry~tallhizatibn tempera ture of tungsten while variations in trace

:4 i~e Al'c- dian Apparently tffect the recrystallizatidn teF40ratura

"4 61uoh ! 0O66 to 900,0-w with- the iniprdvement of analytical 1i
teh isi is conceivable that effects of very low concentrations

of aitlti tia2.- imuritis, Vil be mote evident~.,

The tensile stengtb of tungsten at -termperatures through
250~F pperd quite sensitive to processing variables. The effect

-bf- thesed becmes less marked with increasing test temperature anid,

aboveM abouit WOOF0 ,., the tensile strength of tungsten appearsI '
assentially inidependent of both the consolidation practice used I
-6hd-prior thekmAl history. However, at temperatures above about

2506Pthe type of consolidation practice appears to have a marked

effect on the degree of tensile ductility obtained. Thus, reduction-
ii-area values for sintered product decrease drastically above this

~A ~ temperature while high values are retained in arc-melted product

at temperatures at least through 42000F. Several organizations

t have shown that arc-melted ingot no~rmally contains appreciably less
impurities than sintered and fabricated product made from the same

material. These purity differences appear to offer the main basis

for explaining the high-temperature ductility differences between

these types of material.
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Several dilute tunjq.an-base alloys, prepared and testeO

as arstock, show- -.*,nificant 1. rength advantages over unalloyed jj
tungsten at temperatures to aboutAOO0 F. -At higher temperaturei,

the only addition shown to improve ;:he sMnotb of tungatten is

horia, Amf amounts of 1% to 20%.

Conclusions And Recbmmedadtib

The following coclusions wcor, e reached as -a rettjit of I 4

this survey:
'AA

I. Thea otily 1tungsten shet materials which have a demon-

strated production capaibility are unalloyed tu~ngs ten, '

the 1% and 2% thoria alloys, and two proprietary ~

doped grades, i. e, -.TAp*s 218 and X-100.

2. iEach of these materials is being made by powder-

meta-iluroical techniquOgz which are-essential, in all

but -the uhalloyed gkade, to 6btain- optimumt properties I
tl12zouq-h control of composition and diaperbe4 particle

size (i.e. thoria).jI

3. The largest size of unalloyed tunigsten sheet made

commuercially is 0.04011 x 17"1 x 1711 (one producer) and i
this producer is currently engaged on Bureau of Naval

Weapons Contract No. NOw 60-0621c which has, as the

ultimate objective, the production of 0.060"1 x 18"

x 4811 tungsten sheet using powder;-metallurgical

techniques.

4. Thoriated tungsten sheet appears to offer the besi

prospects for obtaining a significant imp9rovement in

the strength of unalloyed tungsten at temiperatures

above about 3500,*F, without substantially decreasing

*This conclusion is based on the assumption that strength properties
obtained in thoriated tungsten bar stock~ can be obtained in thori-
ated tungsten sheet.
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the tecr-yptallization temperature of tungoten or sub-

zttialy'l-owering its melti~ng point. However.. the {
4, p AerAtii of large-.sizes, thoriated tungsten sheet

Ik bars e~als appreciably more difficuties -than for
'%nafloyed tun steh -and the state-of-tbe-art for -rolling

ide'6 thokiated tungsten thdeets is donsiderably less

-avncd-
ij5-Of'- 'e tWd doped-grades of tungsten being converted

been demonstrated for the X-100 grade.

46 m 'ebe ~aibility of producing tungsten sheet from con-

bsumable-el6ectrode arc-melted unalloyed ingot bas been

demonstrated by the Universal-Cyc lops Specialty Steel

-Dtiin -Truhteueo-xrso to break down

-the Cast structure and forging to sheet bar, pilot

shleet 'amibles have been obtained which compare It
favorably in size to the largestC of those now beingI

made using powder-metallurgy techniques.

7., to akc-ilted tungsten alloys,, in ingot sizes aboutj

f 2" diameter, have been converted to sheet matvrial.j

S. Generally, arc-melted tungsten product is characterized K
by a higher total purity than can be presently obtained

by powder-metallurgy consolidation practices. The

higher purity associated with the arc-melted product

may be expected to contribute to greater ductility

in this material at elevated temperatures. This has

already been reflected in the successful use of lower

extuson ndforging). Conversely, the higher purity
may lead to a reduction in the recrystallization tem-

rollng empratues or rc-mlte prduct(afer
V perature.
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9. It is recognized that, in the ultimate scale-up of

a rolling practice for arc-melted billet, some diffi-

culty may be encountered by the lack of adequate

heating facilities for extruding the large billets

required.

On the basis of these conclusions, the following recom-

mendations are made-,

I. It is felt that the presently active Air Force sheet

rolling program should be confined to unalloyed tung-

sten sheet product, fabricated from arc-relted materiaL

One reason for this stand is that the Bureau of Naval

Weapons tungsten sheet rolling program, being con-

ducted by Fansteel Metallurgical Corporationo is

thoroughly investigating the powder-metallurgy

approach to the consolidation and fabrication of

sheet from unalloyed tungsten and variously doped

tungsten powders. It, therefore, is thought needless

to duplicate that effort, as the results of that work

program will be available for comparison with the

results of work performed to produce sheet from arc-

cast material.

2. It is recognized that somewhat higher strength at

temperature, than available in tungsten, may be re-

quired for certain structural applications and some

types of rocket nozzles. According to present knowl-

edge, thoriated tungsten, a powder product, is the

best example of such an alloy. However, the prepar-

ation of thoriated tungsten sheet bars entails ap-

preciably more difficulties than for unalloyed tung-

sten. At such time as the Bureau of Naval Weapons

program develops optimum techniques for producing
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1xx4er-compacted sheet bars that can be fabricated

to hig-quality sheet. it may be a logical follow-up

for an Air F-r.e program to provide wide, powder-

Metallurgy, thoriated tungsten sheet.

3. ~It Is thought tbht by confining the VIC sheet rolling

- program to arc-cast unalloyed tungsten material, the

state-bf-the-art will be ore satisfactorily -and

rapidly ad-anced than by having the effort divided

between a powder-retalllurgy approach and an arc-casting

procezs. To provide the sheet size requirements of

the AMC program will require ingot sizes considerably

larger than those heretofore converted to sheet

material. This will introduce new problems in melting

and primary breakdo.a. Also, there vill be need to

Investigate the effect of numerous processing vari-

ables on the purity, mechanical, and physical quality
of the sheet product. The objective of the program

is not only to produce a given size sheet of minimum

dimensional variation, and free of laminations and
Dther defects, but to develop processes which will

provide .chemical and structural homogeneity, the

lowest possible duct:ie-to-britt'e transition temper-

ature and consistency of recrystallization behavior.

If the aforementioned industry capability is accomplished

by the AC project, for unalloyed arc-cast tungsten,

it will be possible at some future date to readily

accomplish sheet production of arc-melted tungsten

alloys indicated suitable from laboratory alloy-develop-

ment programs.

4. it is strongly recommended that unalloyed arc-cast

tungsten be the material from which sheet is to be

fabricated by the subject project.
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Spec ific at Ion No. WB-61--3-A

Sc-overs4 isostatically pressed and hydrogen
4* Vucut si.ntered, high purity tungsten and .

- ~ ~ ow~eXelectrode bars for consumable electrode

~t o furnished to this specification shall be manu-
* ~-'f-- * £~ ets hydrogen reduced powder produced by the

~ttt prodess. Other processes will be subject to
M*14,0tion prior to approval. All electrode bars
Z~ & .iveJ order shall be made from not more than

,-'., Itws unless a deviation is provided in writing by
U? 'LZOWU*4 representative of the Refractomet Division,

~.~1~1opsSteel Corporation.

UO.MAIM MSTO

titfode bars shall conform to the following maximum
1t.~ Deviations for alloying requirements will be
z~Z-i don the purchase order.

Eezt Nuimum Percent Element Maximum.Percent
By Weight ____By Weight

As0.001 *Co 0.001
0.001 Cu 0.001
0.001 Mo 0.005
0.003 Mn 0.001
0.003 Sn 0.001 i
0.003 *Pb 0.001
0.001 C 0.0025

Fe0.002 *02 0.010
Cr 0.001 *20.0025

0.001 *H2  0.0025'

* Reported only when specified on purchase order..
r~eviation for gas analysis will not represent cause
for rejection.

Me minimum tungsten content as measured by difference
9-'a34 be 9~9.950 percent for unalloyed electrodes.

~41 L AALYSIS

4-1 4zzlysis of metallic impurities will be measured by
4pctrographic methods and may be taken on either the
Vew~er or electrode bar.
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Specification No. WEB 61-3-A Page 2,

4.2 Carbon will be measured by the Leco Conductometric
method on a sample of the pressed and sintered metal.

4.3 All gas analysis will be measured on a sample of the
pressed and sintered metal utilizing inert or vacuum
gas fusion techniques.

4.4 Check analysis by an outside source will be used when
the chemistry limits as determined by Universal-
Cyclops do not meet those specified in Paragraph 3.1
of this specification. The results of this check
analysis will be below the follow limits:

Element Maximum Percent Element Maximum Percent
__e... By Weisht

As 0.002 Ni 0.002
Al 0.002 Co 0.001
Mg 0.001 Cu 0.001
Ca 0.003 Mo 0.005
Na 0.003 Mn 0.001
K 0.003 Sn 0.001
Si 0.002 Pb 0.002
Fe 0.003 C 0.005

Cr 0.002

Deviation from gas analysis will not represent cause forrejection.

5. PHYSICAL P.EQUIP MENTS

5.1 Apparent density, measured by dividing billet weight by
billet volume expressed as a percentage of the
theoretical density (19.3 gms/cc), may be reported but
is subject to meeting the following density check by
Universal-Cyclops on a qualifying basis.

The density of all electrode bars must not be below 90%
of theoretical. On bars over two inches in diameter,
the density will be measured within the center one
inch diameter at a distance from the end at least equal
to the diameter of the bar to be tested.

5.2 The nominal diameter shall have a tolerance as follows:

1" -2.9" diameter + 3/32"
31 - 7"t diameter T 1/8"
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* -preeifi'cai -No~ ,WB6-A Page 3

5.3 Local variations not exceeding 2" in length will not
deviLowite to itihal diaikti by more than the

1" - 2.90? diameter + 3/32" 1/8"
3i' - 7" diameter +-/8" - 1/4"

5.4 The difference between the major and minor diameters
will not exceed the following:

1" - 2.9" diameter 3/16"
3 - 71? diameter 1/4"

5.5 Bars up to 2". in diameter will have flat ends perpen-
dicular to within 1/8" of the longitudinal axes of the
electrode. Bars greater than 2" in diameter will be
perpendicular to within 1/4".

5.6 Electrode bar lengths shall be as follows unless other-
wise mutually agreed to between vendor and purchaser.

Minimum
Diameter Lengths

1" to 1-1/2" 24"
Over 1-1/2" to 2" 30"
Over 2" to 3" 35"
Over 3" 45't

6. QUALITY

6.1 All electrodes supplied to this specification must be
free of absorbed moisture, stains of foreign material,
cracks, laps, seams, and surface oxidation.

6.2 This material should be satisfactory for consumable
electrode vacuum arc melting processes and shall not
exhibit spalling or evidence other undesirable character-
istics which are detrimental to this process.

7. PACKING

All electrode bars supplied to this specification must be
packed as follows:

* 7.1 Bars must be individually identified by powder lot and
bar number, and packed in plastic bags containing a
porous packaged desiccant and properly packed to prevent
injury in shipment.
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Specification No. WEB 61-3-A Page 4

7.2 A packing slip should be furnished both inside and,
outside of each box and shall contain the following
information:

a. Purchase Order Number.
b. Date of Shipment.
c. Government Contract Number, if supplied and

requested.
d. Individual Bar Identifications, Weights, Dimensions,

and Lot Numbers.
e. A statement as follows: "All material is being

supplied in accordance with Universal-Cyclops'
Tungsten Electrode Specification WEB 6.1-3-A."
Deviations as specified on purchase order or by
separate i itten approval must be indicated.

8 TEST REPORTS

8.1 The vendor will certify chemical analysis as indicated
in Section 3.1 of this specification. A certificate
on ea h lot of material supplied to this specification
giving the results of the analysis must be packed with
the electrodes. In addition, two copies will be
forwarded by letter.

8.2 In addition to chemistry, the test report must contain
the following information:

a. Purchase Order Number
b. Powder Lot Number
c. Specification Number
d. Nominal Electrode Diameter
e. Certification that material has passed the

requirements of this specification. -

9. REJECTION ,'

Any purchase order which carries this specification number
shall constitute an agreement whereby material which does
not conform to this specification shall be subject to
immediate rejection at the discretion of the purchaser. The
only exceptions to this provision of the specification shall
be those formally processed with the order acknowledgement
and accepted as a deviation by the purchaser.
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DBk~RZtftfIONF FILITrIES

Tue foiowing is a brief description of the equipment
referred to in, the te-xt which Was utilized to process materials

undek tbhis cbnttact.,

KD, uinace

i A cold mold, Vacuum consumable electrode, arc-melting
'funace with an available DC power supply of 25,000 amps and
eqipp 'ed- with a KB1200 pumping system. 'It is capable of producing.

i-n-td from 4" diameter to 13" diameter weighing up to 3000 pounds.

KC Furnace

A laboratory size furnace similar to KD furnace capable
f' melting 3" to 6" diameter ingots with 6,500 amps power supply.

700 Ton Loewy Extrusion Press (TAPCO Division. TRW)

Container size - 3.125" diameter

Maximum speed - 30" IPS (no load conditions)

23" IPS (load of 100,000 psi)

Billet heating - Inert atmosphere induction furnace

30KW motor generator - 4200 CPS

Temperature measurement - PT/Pt-Rd to 3000OF

W/W-Re above 3000OF

Extrusion Record - Brush Oscilloscope records pressure,

speed, and ram travel

Dies - Ceramic coated die steel

2750 Ton Extrusion Press (E. I. duPont deNemours - Baltimore)

Maximum container size - 8" diameter

Billet heating - Argon inert atmosphere induction furnace
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Temperature me&surement - Sha meter and optical _pyromete

Billet lubrication - Powdered 3 KBA glass coating

In~ajb1

An inert atmosphere fabrication facility built by Universal-

Cyclops under Contract NOa 55-006-c designed to forge and roll re-

fractory metals at temperatures up to 4000kF. Atmospbere and equip-

ment statistics are shown with layout in Figure ZIl-i.

Hydroen Annealing Purnace

A General Electric box furnace with a 17-3/41. x 40"'

108'1 hot zone utilizing molybdenum elements and an atmosphere of

flowing hydrogen capable of heating to 2800 0F. A laboratory furnace

of similar type capable of reaching 31000F with a hydrogen cooling

chamber attached is also available. A gas fired preheat furnace

capable of 1500OF is adjacently located.

S traightening Press

A 1500 ton vertical hydropress with a 36" square ram and

a stroke of 8" used in conjunction with the hydrogen box furnaces.

Ultrasonic Units

A Sperry UR600 Reflectoscope with a RA recording attach-

ment operating in an immersion tank 3' deep and 15' long with an
automatic positioner and rotator. Also a Sperry URS00 portable

unit is used for contact testing.

Forging Press

A 2000 ton vertical Loewy fast acting hydropress with a

48" wide x 92" opening used in conjunction with a 5 ton manipulator

and a 5 ton charging machine for the eight gas fired furnaces avall-

able. This press is located at the Titusville Plant of Universal-

Cyclops Specialty Steel Division.
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m gie 166 at: Un-..-.-

ate itts~itcli, laht

A 2 Hi mill with a 60 diametr -j 48" tae oll 1fedren by

on the same drive as the roughing, mill, ;Gas- fired one, and- twOq cbambek

furnaces are adjacent to bothb mills. -

Roller LeVeler

A 4 Hi Un er leveler for flattening sheet at'Pittsburgh -Plaht'.. )~ ~

Tensile Machine

A univarba'l testing machine of 0 to 50,000 pounds capacity

at variable head speed of .02511 per minute to 8"1 per minute. Ueed 4
for tensile and bend testing below 900OF in air. Por test tempe--
atures above 906P, an- adapted Arc-weld stress rupture machine is IJ
used in conjunction with a vacuum furnace. [

Hardness Tester

A Vickers diamond pyramid hardness testing machine using.

IXG to 150KG loads.

Micrscoes

Three bench microscopes ranging in magification from 9X .

to 1500X.

Metallograpbs

A. 0. SOX to 150OX with polarized light and phase I.D.

apparatus. A B&L 25X to 2000X with polarized light half aperture -

and dark field illumination.

_4
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Polishers

DXSA electro-polished and etched - 1.5A and 150V capacity.

Bueller clectro-polisher and etched - 10A and 100 cepacity. Cintron

automatic polishers for 1-1/4' diameter mounts. B4.-zL.r threc

wheel, two speed plish table, Bueller two wheel variable speed

polish table.

Mounting Press

Bueller speed mounting preas for 1-1/4" diameter mounts.

Cameras

Kodak 8" : 10" view camera. Graphic 4" x 5" camera.

Omega 5" x 7" and larger.

Washer and Drier

Pako print washer, Pako continuous drum print drier,

Fisher negative drier.
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1. ilitr~duction,

Ih Table, XI is outlined thea summary of sheet, bar appif-I

cation for the sheet rollinhg evaluation. This schedule indicates

two different type sheet bars in the reckyttallized as well as the

as-extruded condition. Initial rolling temperatures of 23006, 25000

and 2700OF were employed. Intermediate rolling temperatures of

2300OF were employed Vinile final rolling temperatures ranged from

19000 to 21000F. The percent reduction in area varied from 40% to
99%.

I. Summary

The fourteen curves shown in this appendix elucidate the

behavior that can be expected from the variables employed. These

curves show that the initial rolling temperature has little effect 4

on the resulting hardness in the as-rolled condition or after heat

treatment. Conversely, the curves show that the as-rolled hardness

and recrystallization rate increase with increasing reductions.

For more specific information on the rolling parameters

or other evaluations, the text should be consulted.

-267-

t 4,<



0-0A

lASu

ol 
I-

10 I

ILL

48 0

- - - - - - I
00 0 O 0 0 o -

-268



Ali~

d--. zm

ILI
A

269-



0 U.

000a
041* 0

r 4 x00

- - -- -

0 w
7j z~

0 0.-

-ucr

LO M

0 0

U

270



-t - - -~ -0

8 K-~~:
ag 0 0 0-

loonx

C0 (00

No0.

4@U4

271 -



to, ~_ _ _ __ _ _ _ _ _ _ __ _ _ _ _ _ _ __ _ _ _ _ _ }J

'0

c~Ji

w
gooz

40w0

* Cd) U
w

g' W

2 0 00
Al10 -HOOS3OJV

- 272

0

/w

4. /
01



40 'Ci

OFI-w

40 On0

oo0

400, 0

U1

00

IN&L X.-

(SDNOI-HdO) SS3NOWN

273 -[



2 LU

00
NOOw

to W

4@S 0I% WC
~Ii --- U -- 2 f-

/ F-

Uz

10

0- 0

ELI-



CDC

0 0 @

/ 4-0
co ILo

000010 c

so

000

00- - - -

18 z.

000 0 0 0 0 0 0 0 0 0 02 ~0 w@ Inqm N- 0 m~ co .

(ID)OI-Hda) SS3NGHVH

275 -

NNW



~~ a~

ciJ z

900
U - - - - --------------------0 C.

00
C) U.

100

4-0
o~~~~~~ w

-~~~~~~~~ 0 w~I 0O

(9)40-H d) SSNQ~V

- 276

NC

0 - 0

In__ _9) V_ I



0
IIV

C-ii N

INAZ

KIWIl

ri 0

I I -- IIwt Ii
It)TO1* :0 L

/9llHOS3QV

-277



0 za0

w I0

4 45

$ 
Vy

IL I

U.w

(D)IOI-HdO) SS3NQH

-278-



0 0

0

I

0/UX I

000000

wow

-/ 01- -W 0z
2 2

IZU

0

I%

0

(swto-HdG) SS3oaW

-279 -



ZIi,

mI 2

VC 0

ji 
C~2 IIi

'10 
W4

W,,t

w Z

/00 Aj

o09 I
0 ILO

w-

0 z

t

-I I

o o



12<
70

liia

LJ

I 00

- 8v

8Z

AIL
-- -o ON 0

0 I0 0

(9)WI- HdO) SS3NOCIHVI

-281-



APPENDIX V

MATERIAL ACCOUNTABILITY

I. Introduction

In order to show the amount of material used on this pro-

gram and the disposition of it, a material control system was

established. All material passing through any operation was weighed

and thus full accountability was always available.

1I. Summary

Table V-I gives a breakdown of all material purchased on

this contract. This represents all of the material that was melted

for all size ingots employed for this development.

Throughout the program, pieces of material were shipped

to various people at the direction of the Air Force. These ship-

ments are summarized in Table V-II.

After all the testing and evaluations were complete, very

little sheet remained. Table V-III shows the material on hand at

the end of the program.

To summarize the material flow, Table V-IV was compiled

and is included to show total disposition. All of the material

has been disposed as of this writing.

[

, .1

?[
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TABLE V-I

MATERIAL RECE IPIS

KC Electrode Bar

Purchase Order Number Date Received Pounds Received

B-3518 5-31-61 296.1

U-11784-2 6-29-61 447.2

U-11784-3 11-29-61 120.6

U-11784-4 4-12-62 920.2

U-11784-5 6-18-62 387.9

2172.0

KD Electrode Bar

Purchase Order Number Date Received Pounds Received

B-11784-1 7-18-61 856,0

B-11784-6 9-11-62 557.0

B-11784-7 9-25-62 698.1

B-11784-8 11-28-62 1299.7
B-11784-9 1-11-63 1544.5

B-11784-11 7-10-63 1793.5

B-11784-12 9-24-63 1799.0

B-11784-13 12-11-63 2947.0

B-17957 1-27-64 5170.0

16664.8

Less 575.0 (Trans to RMI-636) 575.0

16089.8

Miscellaneous

Pad 312.5

Nipple Stock 129.75

442.25

-283-
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TABLE V-III

FINISHED MATERIAL IN STOCK

Total
Weight Weight

Heat Number Dimensions -bs) ( -bs)

KD1274-3C .022" x 17-7/8" x 55-1/4" 15-1/2
KD1275-2-1 .030" x 17-1/2" x 35-5/8" 13-1/4
KD1275-2-2 .040" x 24-1/8" x 72" 54
KD1275-3B .058" x 18" x 15-1/2" 11-3/4
KD1275-3C .060" x 16-1/2" x 56" 39

Development Sheet 133-1/2

KD1287-2 .058" x 12" x 48" 23-1/2
KD1287-2 .056" x 7" x 23-1/2" 6-1/2
KD1287-2 .059" x 9-1/4" x 18-3/8" 7
KD1288-1 .052" x 25-1/2" x 50-3/4" 48
KD1288-2 .059" x 7-1/2" x 13-3/8" 4
KD1289-2 o090" x 12-1/2" x 6-1/8" 5
KD1289-3 .057" x 9-11/16" x 23-5/8" 9
KD1289-3 .060" x 17-1/4" x 17-3/4" 12-3/4
KD1289-3 .058" x 10" x 22-1/8" 9
KD1289-4 .044" x 24" x 72" 52-1/2
KD1290-1 .063" x 21-1/2" x 38-1/2" 37-1/2
KD1290-1 .063" x 21-3/8" x 16-1/8" 15-i/2
KD1290-3 .105" x 6" x 9" 4-1/4
KD1291-1 .042" x 17-1/2" x 24" 13
KD1291-1 .043" x 23-3/8" x 12-1/4" 8-3/4
KD1291-2 .042" x 24" x 30" 21-1/2
KD1291-2 .042" x 18-1/2" x 21" 11-1/2
KD1291-3 .040" x 19-5/8" x 23-1/2" 13
KD1291-3 .041" x 19-1/4" x 21-1/4" 12
KD1291-4 .045" x 16" x 20" 10-1/4 J1.
KD1291-4 .043" x 10" x 35"1 10-3/4
KD1291-4 .043" x 10-1/2" x 23" 7-1/4
KD1291-4 .044" x 10-1/2" x 15-1/2" 5
KD1291-6 .023" x 14-1/4" x 37-1/4" 9
KD1291-6 .021" x 16" x 20" 5

Pilot Production Sheet 361-1/2

Total Weight 495
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